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Annotation

This monograph examines experimental data on the
study of the influence of the different parameters of
the atmosphere on the organism for the purpose of making
a physiological determination of the permissible oxygen
concentrations in inhabited airtight compartments and
considering the application of high oxygen concentrations
for respiration for medical purposes.

The author presents data on the evolution of the
atmosphere and 5. the role of 0; In the process of the
evolutionary development of living beings, on the influ-
ence on an organism of an artificial atmosphere and an
atmosphere containing high and low oxygen concentrations,
the laws of oxygen permeation into the fluld media of the
organism, the bilological role of 1lnert gases, and sc forth.

The relationship between the gas medium of habitation
and the reactivity of the organism is determined.

The book is intended for physiologists, pathophysi-
ologlists, and physicians working in the field of aviation
and space medicine.
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Foreword

The study of the problem of the interrelation of the organism /3
with the environment and its adaptability to the constantly chang~
ing conditions of the external world remain the most important task
of sclentific investigations. In this regard the evolutionary prin-
ciple 1s one of the most important ones to be considered in study-
ing the functionlng of the different systems of the organism and
their regulation.

The problem of the biologleal expediency and harmony of organ=-
ism and environment in the evolutionary aspect has been conaldered
in the works of I. N. Sechenov, I. P, Pavlov, K. A. Timiryazev, and
other Soviet scientists.

The effect of a certain environmental factor on the organism
has minimum and maximum limits. Life 1is pessidle only within these
limits and beyond their bounds severe disturbances of the different
functional systems begin., The normal exlstence of the organism is
unthinkable outside the atmosphere-—the air sea covering the entire
terrestrial sphere. The oceang, seas, and rivers, plants, animals,
and human belngs—all theae not only live in alr bu’t also live by
air.

in the course of many millenia man has adapted to oxiastence
in the conditions of the earth's surface. These conditions are
characterized by very insignificant changes in darometrio preassure
and a stable composition of the atmospheric air.

As a result of the evolution of the organic world, the moat
important energy source for the performance of physiological pro-
¢esaea proved to be aeroblo processes conneoted with oxidation.

The respiration of organie substances in turn detemmingd the entire
qourse of evolution of the animal world and contributed to the
development of a complex system of organs and mechanisma providing
for the absorption of oxygen from the environment, its tyransporta=
tion to the tissues, the nervous and humoral mechanisms ror ¢on=
trolling the different component elements Of the respiratory pro-
¢eas, and so forth, The partial preasure of oxypen {n the lungs
and 1ta pressure in the cells, blood, and tissue flulda fa the K
most lmportant factor detemining the level of oxygen absorption
from the external environment necessary Cor normal 11fe aetivity

of living things and its use by the tissuea.

In recent years conclusive feets huve beer obtalned on the
favoradble influence of adaptation to hypoxia and acoelimattisation (o
high mountain conditions, on reaistance to the effects of carbon
monoxide and organic peroxides, high tomperature, to gevere buprns
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and deep coolling, to radial acceleration, on increasing radiation
resistance, and so forth.

Numerous clinical and experimental investigations have indi-
cated the promising nature of the use of increasei oxygen pressure
in curing decompression sickness (the bends), hemi: forms of oxygen
deficiency, in the case of disturbances of the brain and coronary
blood circulation, in the case of anaerobic infection and for improv-
ing the results of radiation therapy of malignant neoplasms.

In recent years great attention has been given to the study
of the effectiveness of using high oxygen pressure during the per-
formance of operations requiring complete or partial exclusion of
blood circulation.

Although hyperbaric oxygen therapy has been quite well devel-
oped and has essentially become an independent division of medical
science, the physiological theory of the oxygen regime is still
little developed. Establishment of the 1limit of the permissible
oxygen concentrations, clarification of the bilological role of
inert gases and development of the substances increasing the organism's
resistance to the effects of hypo~ and hyperoxia are important
problems for medical science.

Many of the above-indicated actual physiological problems have
been experimentally analyzed over the years in the laboratory
directed by N. A. Agadzhanyan. Numerous experiments of different
durations (from orne to 100 days) have been conducted to discover
the optimal parameters of the gas medium and artificial atmosphere
for a man occupying an airtight compartment for an extended perlod
of time and for studying the physiological mechanisms of disturb-
ances arising in the conditions of a changed gas environment.

From 1964 to 1970 the author set up scientific experiments in
the region of the Central Tvan-Shan and the Caucasus and personally
directed them. The 1investigations were conducted in order to es-
tablish the relation between the medium of habitation and the
ability to endure such extreme conditions as hypoxia, hyperoxia,
hypercapnea, acceleration, explosive decompression, and great
physical loads. All these problems are illuminated in the present
book and not only have important significance for the theory and
practice of medicine but also are of general blological interest.

R

The further study of the physiological mechanisms of adapta-
tion of the organism to a changed gas medium makes makes it possible to
control compensatory-adaptive physiological reactions, to discover
the essential nature of many pathologlical states, to present the
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posslbllity of extensive regulation of energy exchange in the or-
ganism, and consequently to find methods for increasing the resist-
ance of the organism to different unfavorable influences.

Academician V. V. Parin
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THE EARTH'S ATMOSPHERE AND THE EVOLU‘I‘I{?N OF LIVING THINGS |

. Proceaa of the oreation and ‘development of the earth in the ecourse
‘of its geological history, beglnning many billions years ago and
continuing to the present time. "The problem of the evolutien of
‘the atmosphere 1s closely ceénhected with the problems of the forma=-

- tlen of the earth and the appearance of 1life on our planet. '

oo . In the opilnlon of the majority of selentists, the ‘earth's at- -
- mosphere consisted, in the firat gtages, of hydrogen, helium, nitro-
gen, ammonium, and methane, and also compounds of hydrogen with
bromine, chlorine; flourine, and sulfur. The predominance of high
* . temperatures wmade the rate of motion of the malecwles of these gaaes '
very high, and therefore they rapldly left the atmoaphere.
_Having lost its origlnal atmosphere, the bolllng mass of our
-~ planet alse gradually lost its heat.  The underground gases which
~ appeared in this period were similar te the gases sjeected during
. medern - Volecanie eruptions. Thus, for axample, the content
. of the gases erupting from the voleano Halemaumau on the Hawallan
- Islands was the following: ©8% water vapor, 13% earbon dloxide,
- 8% nltrogen. : The remainder = consiated of sulitirous Lames.  Anong these
‘”'aspiﬂlrihﬁiﬁ is yo fyree oxygen and there probably was no axygen earilex
- (Vv. A. Sckolov, 1988). : |

©_ When the earth cooled further the loss  of guses deoreased
- and, finally, completely ceased. Wateyr Vapor,; upm candenaing, £illed
. the oceans with hot water. The carbon dloxlde rartially disselved
>, in the water and part of it was absorbed by carbsnacecsus roaks.
The earth again &oquired an atmosphere and was now in a position
‘to retaln it. However, the earth's atmosphere significantly dif=
. fered from that which surrounds us today—it dld not have the firee _
' Oxygen necessary for life. A. I. Oparin (1968) conneats the ap=-
‘pearance of life with the synthesis of blaioglcally lmportant som- AT
-~ pounds frem substanzes of inorganioe origln and attributes great =
significance to the presence affcﬂh and NH3 in the earth's "“seocond-
apy" atmoesphere. _ : :

Oxygen was gradually liberated into the atmosphere, evidently
0 48 a result of the processes of photozynthesis in whiloh ocarbon dl-
-@xide gas and the primitive plant world partieipated. OCarbon was

depeaitad  in the form of ¢oal and ofd. Nitrogen csontinued %o ag-
cumulate in the atmosphere. Oxygen arose anew in the atmosphere

Qhmbers in righthand wavgin indicate paginatigﬁ of Povelgn text.

 The santh's atmosphere 13 ohe of the prloducts of the general Jod
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" under the influence of photochemical reactions or the activity of
-organisms. Since oxygen compounds—water and carbon dioxide—were
always present in the primeval atmosphere, the formation of
free oxygen in the atmosphere as a result of photodissociation of
water and carbon dioxide 1s not excluded. However, this process
- proceeded very slowly. Easily oxidizing substances of volcanic
origin inhibited the accumulation of oxygen in the primeval atmo-
sphere. Great amounts of oxygen appeared in the atmosphere around
three blllion years ago with the beginning of the photosynthetic
activity of plants and the oxygen balance of the atmosphere became
more stable. Free oxygen began to participate in the overall cycle
of substances on the surface of the earth. The history of oxygen
- can be reconstructed on the basis of isotove composition. Oxygen
has several isotopes—0!%, 0!7, and 0!®. The heaviest is the oxy-
gen of air and carbon dioxide gas and the lightest 1s the oxy-
gen of fresh water.

In 1936 the Americsan chemist Malcolm Dole observed that the
isotropic composition of atmospheric oxygen and oxygen obtained
from the electrolysis of water is not identical. "Water" oxygen
is approximately 3% lighter than atmospheric oxygen. If the amount
of the heavy isotope O 8 in water is taken as 100%, then in the
oxygen of the air it proves to be 103%. This surprising discovery
is called the Dole effect.

Where does this 3% come from? Atmospheric oxygen is the pro-
duct of photosyntheslis and 1s obtained from water in the process
of dehyrogenation. In building complex organic substances, a plant
uses carbon dioxide gas and hydrogen separate from water, and the

“""liberated oOxygen passes into the atmosphere.

Long-term studies have shown that the light isotope 0!¢ 1s
more active than the heavy one; it enters into reactions more easily
than the heavy isotope, and therefore the atmosphere is gradually /8
enriched with the isotope 0!°®, —

The chief creators of the Dole effect are the plankton and
algae of the ocean. They regenerate the greater part of atmospheric
oxygen.

The processes of respiration and other oxidizing rcactions oc-
curring on the earth also influence the isotope composition of at-
mospheric oxygen. However, it has not yet been possible to estab-
lish the complete balance necessary for a definitive solution of
the Dole effect.

Thus, the atmosphere does not contain significant amounts of

gases of primary cosmic origin. The main body of these gases ---
hydrogen, inert gases and others were lost during the formation of the solid
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matter of the earth; some gases were scatiered into outer srace,

The amount of loss of the gases depended on their physical
properties and on the mass of the forming planet. Despite the great
speed of the molecules (hundreds of meters per second), their numer-
ous collisions hindered them from being forced out into the upper
layers of the atmosphere. Nonetheless, the migration of gas mole-
cules from the lower layers of the atmosphere into the upper layers
still takes place. At high altitudes where the atmosphere is ex-
tremely rarefied, individual molecules fly out from it into outer
space. This phenomenon 1s called the escape of gases.

The total mass of the atmosphere is equal to approximately
5¢27+10'% tons, which amounts to around one millionth of the mass
of the earth.

The following basic layers of the atmosphere are distinguished:
troposphere, stratosphere, mesosphere, thermosphere, and exosphere.
The troposphere is the lowest, most studied laycs of the atmosphere
with an altitude in middle latitudes up to 10-12 km, in polar regions
9-10 km, and in the equatorial belt 16-18 km. The bulk of the atmo-
sphere (approximately 80%) and almost all the water vapor are con-
centrated in the troposphere. The existence of an atmosphere is an
important condition for life on earth. The atmosphere participates
in the water cycle on the earth and in heat exchange. The presence
of water vapor and carbon dioxide gas in the atmosphere exerts a
great influence on the thermal conditions of the earth. The atmo-
sphere absorbs around 15% of the solar radiation (the earth's sur-
face, around 43%). In the higher layers ozone, which absorts a
significant amount of the ultraviolet radiation of the sun, has a strong influ-
ence on the thermal condition of the atmosphere.

The composition of the atmosphere 1is practically constant up
to an altitude of 85-100 km. The earth's atmosphere is a physical
mixture of the basic gases: oxygen, carbon dioxide, and nitrogen.
The atmosphere contains around 1% of other gases. The oxygen of
the alr 1s necessary for the respiration of living organisms and
the carbon dioxide gas for feeding plants. The circulation of
carbon is one of the chief blochemical cycles. There are around
2500 billion tons of carbon dioxide gas in the earth's atmosphere.
Two-hundred-thousand trillion tons of carbon dioxide 1s stored in
the earth's crust in the form of calcium carbonate.

D

——

The chemically inactive nitrogen enters into combination with
other substances only under special conditions and at the same
time nitrogen 1s one of the basic elements for feeding all 1life
on earth. If nitrogen easily combined with other elements, such as
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the ocean waters, then the nitric acid formed would make life im-
possible.

Nature regulates the amount of nitrogen. The nitrogen~fixing
and nitrifying bacteria presont in the soll combine free atmospheric
nitrogen into organic compounds which then serve as food materials
for plants and animals. Denitrirying bacteria decompose dead orga-
nisms and return nitrogen into the atmosphere.

The small amounts of nitric oxide and ammonia, formed as a
result of lightning discharges and delivered from the upper layers
of the atmospheére by rains,are also an important source for restor-
ing the fertility of the soil. All these processes enabled the
earth to acquire a sufficiently stable atmosphere, the gas composi-
tion of which has been preserved to the present time. Thus, atmo-
spheric air appeared from the depths of our once Jif.less planet.

However, the continuous leaking of nitrogen into the atmosphere
creates a serious problem for all 1life on earth. The conversion of
nitrogen into food products for animals and plants at the present
time depends almost 100% on nitrogen=fixing bacteria. In contrast
to nitrogen, oxygen is highly active. It is necessary both for
supporting the process of fuel coumbustion in a furnace and for the
"burning" of the carbon, hydrogen, and nitrogen contained in our
food and for converting them into water, urea, and carbon dioxide
gas.

Hydrogen and helium are the most wide-spread elements in the /10
universe. Of the total number of atoms, hydrogen makes up around ~
93% and heclium 6-7%. The other elements comprise, in all, around 1%.

In the first stage of the earth's formation, oxygen, due to its
chemical activity, probably was present only in the form of com-
pounds with other elements (oxygen compounds cof silicon, oxides of
magnesium, and other metals).

If, in the formation period of the earth gases were not pre-
served on it, then 1life would not have arisen.because water and gases
are necessary for the formation and existence of living matter.
Consequently, geological phenomena had a definite influence on the
evolution of organisms. Great transformations of the earth's sur-
face 1n the process of historical development are accompaniled by
the transformation not only of the plant but also of the animal
world: change in the blood pigment of animals, the appearance of
air respiration, the appearance of warm-blooded animals, and so
forth.

In different periods of the earth's formation, sigznificant
changes took place in the organic world—the trilobites 1iied out,



the first triploblastic organisms (arthropods) appeared, and then
dipnoid fishes.

Stable air respiration arises in the Devonian period—the
vertebrates appear. Up to this point, organisms, in which the res-
piratory pigment of the blooud —specifically adapted for oxygen
transfer- was the copper-containing proteln hemocyanin, prevailed in
the plankton of the world ocean. However, as soon as such orga-
nisms found themselves in conditions of insufficient oxygen, hemo-
cyanins could no longer provide them with this element. In the
families of molluscs and crayfish, burrowing in the ground, there
appear individuals, the blood of which contains hemoglobin and
provides a better delivery of oxygen to the tissues of the orga-
nisms. The conversion from gill respiration to air respiration
evidently oroduced the active influence of carbohydrase promot-
ing the liberation of carbon dioxide from the tissues of organisms.
For billions of years the sun has bteen feeding the biosphere with
life energy, producing blogeochemical yrocesses of enormous inten-
sity on the earth and an infinite number of changes in living orga-
nisms. Sclentists have established four great eras in geological
history: the Archean, the Paleozoic, ithe Mesozoic, and the Caeno-
zolc. The ocean basins were rormed in the Archean period. The
first marine organi-=ms appeared toward the end of this period.

In the Paleozolic era a great number of more complicated plant
and animal organisms developed and the first living creatures began
to leave the sea and settle the dry land. The Mesozolic era is the
era of reptiles. This period also gave rise to the first mammals,
which reachied their evolutionary flowering in the rollowing, Caeno-
zolc, era of mammals, Including man.

The formation of the seas and oceans, which are the chief sup-
pliers of moisture into the atmosphere, greatly contributed to the
appearance and flourishing of life on earth. Thus, 449,000 km?® or
moisture evaporates from the surface of the oceans, and 62,000 km

in all from the land surrace,i. e., 7 times less. The oceans

additionally provide around 37,000 km® of precipitation to the con-
tinents. The amount of precipitation falling in different physico-
geographical regions is closely connected with the features of the
general atmospheric circulation and the local topography. In some
reglons of the Sahara, Chile, and Peru, the total annual pe-
cipitation does not exceed 10 mm, while in Cherrapunji it is around
11,000 mm and some years reaches 22,000 mm.

The gases of the earth,which even today have vast significance,
played an important role in the formation of our planet.

All the organic substances of the vegetable world are primarily
created from gases absorbed from the atmosphere by the plants.
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Animal organisms exist by feeding on plants. After the death of
a living organism the bulk of its substance returns to the atmo-
sphere in the form.of gases. In the rocks and water of the earth
gases are continuously being formed - the products of chemical,
bio-chemilcal, radio-chemical and nuclear processes. Air 1is one of
our principle natural rescurces. The coal and oil which we
extract today basically consist of carbon extracted by plants
from the air in ancient times. Even today it would be impossibie
to use thgse resources 1f the alr lacked the oxygen necessary to
burn them.

During the entire history of civilization around thirty-three
billion tons of o0il; one hundred twenty-five billion tons of coal
and around one blllion tons of natural gas have been extracted. /12
Around two hundred and seventy five billion tons of oxygen,

i.e., some 0.02 percent of the entire oxygen content in the
atmosphere, was used for burning this fuel. During the last fifty
years the oxygen content in the atmosphere has remained practically
unchanged but this does not at all mean that we should not be
concerned about its preservation and the protection of the green cover of

the earth. Plant resources must be increased in every way possible
since plants are the basic regulator of the oxygen-carbon dioxide
ratio in the atmosphere.

In the course of a day a man eats on the average 1.24 kilograms
of food and drinks around two liters of water but breathes in more
than 9 kilograms of air. He may refuse low quality -food or water
of questionable purity but he must breathe the air in which he 1s
found at a given moment even if it is polluted or dangerous for
health. The air envelope of the earth, while scattering sunlight, causes
the blue color of the sky and prcduces the glows of the morning and
evening ~ekies, theaurora and other majestic and enchanting natural
spectacles.

As V.I. Vernadskiy notes, with man, a8 vast new geological force
appeared on the surface of our planet. Mankind took-into the sphere
of 1ts consumption all resources avallazle to it, and into the sphere
of its influence the entire biosphere of the earth. Huge cltiles
and industrial complexes grew up; an-extensive network of roads was
laid out. The once clear alr of the great cities was filled
with clouds of industrial dust and automobile gases. The problem
of "man and his environment" sharply arose before contemporary man.

A large part of the population of the globe, especially of the
the industrial centers and great cities, is forced to live and work
in air, polluted with smoke, dust and chemical substances thrown 1nto
the atmosphere by plants and factories, heating systems and motor




vehicles. The problem of preserving the purity of the alr h-~s
become an acute soclal problem. It 1s not by accident that so
much attention has been given to this problem in this country
and that special government decisions directed toward protecting
ithe atmospheric air from pollution have been teken.

Polluted air damages the skin, has a destructive effect on
tue lungs, blocks a significant amount of solar radiation,
promotes the multiplication of microbes and lowers &n organism's
resistance to diseases. According to the data of K. Orr (196h), , /13
every year more than fifty million _ tons of different impuritiles
enter the atmosphereoer the territory of the USA. It 1s well known that
a man cannot endure carbon monoxide gas if its concentrationis. one-
hundred parts per million, nitric. oxide - twenty five parts per
million, sulfur dioxide - ten parts per million, ozone - one part
per million ete. Polluted air stops the development of plants
and destroys them. As a result of the extreme air pollutior in many
places, several species of plants have disnppearcd.. In the cutskirts
of Los Angeles the destruction of plants is observed as far as 80
kilometers from the center of the city. 1In other citles .. New York,
San Francisco, London, Paris and Copenhagen - this phenomenon extends
to a distance of 24 kilometers from the city.

In a single large industrial city motor vehicle engines give off

into the atmosphere around two million 1liters of harmful sub-
stances a day. As a result of nuclear weapons testings,there 1s
around one ton of radloactive substances in the atmosphere.

As K. Orr notes, in the course of the last twenty years the
incidence of ling cancer has increased by 400 %. Lung cancer 1is
particularly wide-spread in cities and industrial reglons. Sclentists
in Great Britailn have established a geographical relationship between
the frequency of lung cancer cases and the number of smoke stacks
per hectare of area. In the same country a relationship has been
observed between the distribution of lung cancer and the duration of
motor transport operation.

One of the results of the hombardment of the atmosphere with
cosmic rays 1s the transformation of ordinary molecules of carbon
into one of its isotopes, C!', which is found in atmospheric
carbon dioxide and finally erters the tissues of animals and plants.
While organisms live, they accumulate this isotope of carbon;after
their death the radiocactive carbon decays gmdually It has been
established that every 5500 years the amount
of C!* 1s reduced by half. And since this is so, radicactive carbon
serves as a unique clock, making it possible to obtaln a precise
chronology of historical events. Measuring the percentage of
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radiocactive carbon in living organisms and also in ancient remains
. of plant or animal origin s 1t is possible to calculate the timé which
has passed since these plants or animals died.

Now as a result of nuclear weapons testing the stratosphere . /j)
contains around eighteen kilograms of radioactive strontium -
(Sr?%), the most dangerous of all products of radioactive

decay. According to scientists atColumbia University, at the present
time Sp?®® ' is present in all human organisms irrespective of age

or place of habitation. The ability of some animals and-plants

to accumulate - great amounts of radioactive elements presents a
serious danger for man,

Orly the peaceful solution of international problems will free
mankind from the ever-increasing danger of air pollution. The food,
drinking water and air which we breathe must be pure. "It is impos-
sible to tolerate,":  wrote Joliot-Curie, "that people should
apply to their own annihilation tnose forces of nature which they
were able to discover and subdue." Soviet medical scientists fto-
gether with progressive scientists of the whole world alertly stand
guard over the health of the people, . the duty of each man 1s
to aid them in this.

57 LN e et

1. THE ROLE OF OXYGEN IN THE PROCESS OF EVOLUTION OF THE
ANIMAL WORLD

The living nature surrounding us gives us a colossal number
of examples of the amazing adaptation of orpanisms to the varled
conditions of thelr existence.

g
&
%
&,
%

The evolution of 1living creatures proceeded along two paths.

The internal environment of some organisms conformed to changes in
inanimate nature by means of cellular aduptation to the new condi-
tions. Thus, if the salt composition of these habitat

changed, then, correspondingly, the composition of the
internal environment also changed. If the changes exceeded a
certaln critical value, the animals perished. In other living
creatures, new systems were created in the organism, which made it
possible to pass through geclogical epochs without changing the
stable conditions of the cellular existence; i.e., the creatures'
ovn evolution countered the evolution of inanimste nature,

Having defended themselves against the influence of changes
which the nabitation environment underwent, these organisms
continually complicated and perfected thelr organizaticn. The /15
transition to a terrestrial existence marked an important stage i
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in the development of vertebrate animals. When representatives

- of some gpecies of animals succeeded dn going onto dry lend '

~ there was first of all formed in them an air breathing organ

* in contact with the - atmospherc. . The lung of mammals is

the most perfect such organ. In man the diffusion surface of
the lungs 1is approximately 100 meters. o Whatever
degree of perfection a water-breathing organ achleved it could
not provide for the development of the highest forms of life
~which are characterized by a constant body temperature as a
result of the intensive metcbolism _ (A, G. Ginetsinskiy,
1963). Changes in the structural-physiological characteristics
of the organism were caused by biological expediency.
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As I. V. Davydovsky (1962) noted, "Adaptation to an
external environment is often bought at the cost of significant
morphological and functional shifts, passing into the reglon
of nosology". .
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Comparative physiological studies have shown that the evolution
of the respiratory function of the blood of cold~blooded animals
proceeded along the lines of increasing the oxygen-binding proper-
ties of hemoglobin and, consequently, of increasing the oxygen
capacity. With the transition to the terrestrial form of life
the change in the oxygen binding properties (as a mechanism: of
adaptation to the new conditions of a gas ‘ ) takes place
mainly in the stage of embryo genesis (Barecroft, Rotschild, 1932;

A. G. Ginetsinskily, 1936). Such a type of adaptive reaction was
also préserved in several high-mountalin animals and birds.

ey

The migration of vertebrate. animals onto dry land was connected
with a sharp intensification of energy logses not only in movement
but also in supporting the body itself. it 1s known, for example,
that inhabiltants of a water environment, like fish
suspended state (their specific gravity is 0.955—~1.,040) do
not expend energy in supporting

A water environment 1s unfavorable for the appearance of
organisms with a high intensity of oxidizing processes. Whereas not
more than ten milliliters of oxygen cen be dissolved in one liter of
waters one liter of air can contain 210 milliliters of oxygen.

The extensive periods of time spent under water without access /16
to the atmosphere by such diving animals as the whale, seal and -
others, are possible only because of the low metabolic intensity end not
~as a result of great oxygen reserves in their organisms. P. S,
Korzhuyev . (1966) notes .that the quantitative relationships between
the body weight and blood volume in the whale are approximately
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~ the same as in man (in a whale having a total weight of 122,000
kilograms the amount of blood is 8,000 litexrs).

During intensive muscular work, a man may require up to
six liters of oxygen per minute. For this, around 120 liters
of alr must pass through his lung, and in a polluted atmosphere,
still more. If there existed an analogous organism with water
respiration,then up to 2,000 liters of water would
have tc pass through its gills, i.e., around 30 liters
kilogram of body weight (A. G. Ginetsinskiy, 1963). It 1is
impossible to imagine a respiratory system of such capacity. Such
significant amounts of oxygen may be obtained only by an organism
with a more perfect organ of respiration.

' The vegetable world, necessery for animal.life developed and was
perfected at the same time as the evolutionary development and
perfection of living creatures on our planet. Thanks to plants
there appeared vast supplies of organic food on the earth. It is
sufficient to note that the vegetable world of the earth daily
requires around 550 billion tons of carbon dioxide gas, combines
150 billion tons of carbon dioxide with 25 billion tons of hydrogen,
liberates U400 billion tons of oxygen and creates U450 billion tons
of organic substances, i.e., approximately 180 tons per perscn,
wherein around 90% of these supplies are created as a result
of the photosynthesis of single-celled ealgee inhabitating
the world ocean.

The area of our planet earth is 510 million ka2,
of which 149 million ka® is land end the rest is ocean. In the
atmosphere, water, and earth's crust are found more then 2 million
specles of animals, 0.5 million species of plants and also around 3
billion human beings. If there were any severe disturbance of the
precise balance between the photosynthetic production of oxygen and
its consumption, this would inevitably lead to a cata-
strophic decrease in oxygen concentration in the surrounding
atmosphere. The oxygen would completely disappear ' from the atmos-
phere within 2,000 years 1if its supply were not constantly renewed
by plants (Including algae).

In the twentieth century, particularly in the last fifty years, /17
the carbon diloxide content in the atmosphere has somewhat increased --
since it began to be formed more intensively. At the present time
around ten blllion tons of carbon dioxide are introduced into the
atmosphere just from the combustion of fossil fuel. It must be
assumed that this process will progress even further. Calculations
indicate thet by the year 2000 the amount of carbon dioxide gas in
the air will rise by 20%. This is seen as producing a significant
increase in temperature over the entire globe since carbon dioxide
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gas possesses the property of absorbing a certain portion of solar
energy.

2. THE OXYGEN REQUIREMENT OF THE ORGANISM AND THE WAYS OXYGEN.
PERMEATES THE LIQUID MEDIA OF THE ORGANISM

Of all the gases entering into the composition of the atmo-
sphere, that most vitally necessary for the organism is oxygen. The
oxygen atom is an unbelievably efficient energy source. In ful-
filling its function in the respiratory process it liberates 674
calories for each gram of molecular weight. For comparison, we

note that in emother chemical process capable of sup-
porting life—fermentation—an average of 15 calories per gram are liber-
ated, i.e., 45 times less. Only a small number of species

of invertebrate animals (inhabitants of ooze deposits ou the bot-
tom of bodies of water) are capable of performing a full life cycle

in the absence of oxygen.

The greatest speclalist in the area of the physiology of res-
piration, Joseph Barcroft (1937), wrote: "Of the substances neces-
sary for maintaining life and activity, perhaps the most important
1s oxygen. It 1s remarkable that the organism has so few re-
serves of such a necessary element. Moreover, the dependence of
the organism on a direct oxygen supply increases according to the
degree of transition to the more highly organized forms of 1life:
anaerobes can live forever without oxygen, frogs for days, and man
for minutes."

As a result of the evolution of the organic world, oxidation /18
proved to be the most important source of energy for performing
physiolegical processes., On as much as the struggle for oxygen
detemined to a great degree the entire course of the evolution of mammals
and the development of a complex system of specialized and inter-
connected organs and mechanisms responsible for oxygen exchange.

It is sufficient to note that one erythrocyte contains around 280
million molecules of hemoglobin, and each molecule consists of
approximately 10,000 atoms of hydrogen, carbon, nitrogen, oxygen,
sulfur, and four atoms of iron. If hemoglobin were not present in
the blood, one liter of arterial blood could dissolve and carry

not more than 3 ml of oxygen, while with hemoglobin present, this
amount increases by seventy times. The iron-containing component of
hemoglobin~—hemin—acquires the property of high solubility as a
result of combination with a protein——globin. The capacity of
hemoglobin to bind and give off oxygen is characterized by its dis-

sociation curve.

Between the partial pressure of the oxygen in plasma and the
degree of saturation of the blood with oxygen there exists a direct
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dependence, which is graphically expressed in the form of the oxy-
hemaglobin dissociation curve, which is S-shaped for the whole
blood of man and animals (Fig. 1). The true form of the oxyhemo-
globin dissociation curve was first obtained by Bohr in 190X.

The upper portion of the dissoclation curve 1s sloping owing
to which blood 1s easily arterialized even in cases where pO, in
the alveolar alr is significantly decreased. In the central por-
tion of the dissociation curve, i.e., in the zone of lower values
of pOz, there 1s a significant evolution in the capillaries with
a certain drop in the oxygen pressure in them. This is very im-
portant for the normal flow of oxidation processes in the tissues.

‘ Physiological functions are provided with energy as a result
of using the energy accumulated in the form of compounds rich in
energy.

The process of anaerobic decomposition of hydrocarbons—the
process of glycolysis, or glycogenolysis—is a phylogenetically
anclient, relatively inefficient, and quite complex process
formation of energy-rich phosphorus compound bonds. A significantly
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Fig. 1. Oxyhemoglobin dissociation curve,

more efficient means of forming high-energy compounds, in particu- /19
lar of adenosine triphosphate (ATP),is by means of oxidizing phos-
phorylation. In this case, the oxygen consumption of the cells is
partially transformed into the energy of the phosphate bonds of

ATP and other organic phosphorus compounds (V. A. Engel'gardt,
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1930, 1959; V. A. Belitser, Ye. T. Tsybakova, 1939). At the pres-
ent time the mechanism of oxidizing phosphorylation is widely
studied in many laboratorles here and abroad. However, the nature
of the intermediate products of the process remal-s insufficiently
investigated.

In the study by Boyer and colleagues (1962),experiments are
described which explain the presence of mitochondrial formation
in the cells of substances capable of serving as intermediate pro-
ducts of oxidizing phosphorylation. It has been established that
oxildizing enzymes are concentrated in the mltochondria—cellular
organelles—the chemical composition, morphological structure, and
physiological function of which have now been studied in detaill.
However, the oxidizing processes, concentrated in the mitochondria,
are diverse in nature.

In Boyer's opinion, the energy-rich bond initially forming in
the respiratory chain does not belong to phosphorus but to some
other compounds. The author experimentally separated a water solu- /29
ble protein from mitochondria which was capable of -oxi- -
dizing phosphorylation in a cell-less system. S. Ye. Severin (1964)
considers that conversions taking place in the citric acid cycle
and also during the transfer of hydrogen and electrons in the respi-
ratory chaln, have the greatest significance for cell energetics.
The point of view of V. P. Skulachev (1958) is that the transport
of hydrogen and electrons is to be attributed to the adenine of
adenosine diphosphate (ADP). According to this view, adenine nu-
cleotides fulfill the role not only of the carriers of phosphoric
acid radicals, but also of hydrogen.

It is established that oxygen molecules in the tissues follow
a complicated path until, having run into a flow of electrons, they
acquire the ability to unite with tonized hydrogen, forming water
ags the end product of blological oxldatlion. It is shown that the
last process takes place in the mitochondria of the cells. Up to this
point, all the preceding oxygen. compounds are temporary, having
only a transport signiricance, and under certain conditions are
easily decomposed.

V. N. Chernigovskiy (1971) is correct when he says that "u
cell could not be a cell if at any moment it were not surrounded
by a very thin membrane possessing selective permeability."

Specific quantitative relationships have been established be-
tween the oxygen consumption and the expenditure of energy in the
organism.

It is known that a man at rest with a minimum gas exchange
requires around 250 ml of oxygen per minute and gives off around
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"TABLE 1. RESPIRATION OF A MAN UNDER A LIGHT PHYSICAL LOAD.

Oxygen consumption 25 liters/hour
36 grams/hour
0.864 kg/day
Liberation of carbon dioxide 20 liters/hour
gas 40 grams/hour
0.96 kg/day
Liberation of water vapor 50 grams/hour
1.2 kg/day
Energy conszumptions 130 kcal/hour
(according to gas exchange) | 3120 kcal/day

200 ml of carbon dloxide. These factors almost double in the case /21
of a light physical load (Table 1). In the case of heavy muscular ~
work the oxygen requirement increasesto ten times more (Table 2).

This statement is also confirmed by data obtained by determining

the level of the oxygen requirement of individual organs (Table 3).

" TABLE 2. HUMAN OXYGEN REQUIKEMENT AND EXHALATION OF CARBON DIOXIDE
g GAS DEPENDING ON THE INTENSITY OF PHYSICAL WORK (ACCORDING
TO M. Ye. MARSHAK).

Oxygen Exhalation of
Intensity of work requirement, carbon dioxide
liters/hr gas
Lying 14,2 10.2
Standing 19.7 15.8
Walking at a speed of (km/hr)
2 46.8 39.7
3 63.9 44,3
4 95.7 83.5
5 152.5 143.1
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TABLE 3. THE OXYGEN REQUIREMENT OF DIFFERENT ORGANS (IN ml PER
: kg OF WEIGHT OF THE ORGAN) PER MINUTE (ACCORDING TO
A. M. CHARNYY),

State of Intense
Organ rest activity
Gastrointestinal tract 35 350
Heart 18 36
Kidney 85 840
Liver 15.2 50
Salivary gland bo 160
Muscles 4 32

A study of the fandamental physical properties of oxygen and
the laws of its permeation into the fluid media of the organism
showed that the most imporiant factor determining a normal activity
of living creatures 1s the partial pressure of the oxygen in the
blood cells and the tissue fluids.

According to Dalton's law, the pressure of any gas in a mix- /22
ture does not depend on the content of other components in it and —
is equal to that pressure (partial) which this amount of gas would
have if it completely filled the given volume.

The entry of oxygen into an organism 1s subject to the
laws of permeation of gases through the pulmonary membrane and
thelr diffusion into fluids. Given the condition that there are
around 725 million alveolil in the human lungs, the respiratory sur-
face of the lungs 1s around 100 m?. Bohr introduced the concept
of the envasion coefficient——the quantity of gas which at 760 mm
of mercury passes through 1 cm? of surface in one minute. Further
investigations have shown that the absorption of gases by a fluld,
the molecular weight, the pressure on the boundary layers of the
fluid, the mass of the individual gas molecules, etc. all have
significance for the diffusion of gases.

If we take all the above-mentioned factors into account, then
the rate of diffusion of a gas (V) is expressed by the formula:

a(PI-PII)K
760d

where a2 is the Bunsen absorption coefficient (the amount of gas
absorbed by a unit volume of a liquid at atmospheric pressure);
K is Stefan's diffusion coefficient (a constant depending on the
nature of the diffusing gas, the liquid, and the temperature);

V =
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d 1s the thickness of the septum (according to the data of numerous
investigators this is 0.004 mm); P 1s the partial pressure of oxy-
gen.

From the formula given it is obvious that the rate of diffu-
sion of a gas 1s directly proportional to the absorption coeffi-
cient, to the pressure difference of the diffusing gas on both
Ssides of the fluid, and to the diffusion constant, and is inversely
proportional to the barometric pressure and the thickness of the
septum.

Further experimental investigations showed that diffusion
through the pulmonary tissue takes place two times faster than
through water and instead of the diffusion coefficient, the so-
called diffusion factor (C) was proposed, which is derived from
the diffusicn coefficient 'y multiplying it by the square root of
the molecular weight of the gas. The diffusion factor

for the lungs is 0.139 and for the water it is helf of that «— 0.065. On the /23
basis of these data it was calculated that for a man dgfing normal
respiration 0.006756 ml of oxygen permeates through 1 cm” of the
alveolar wall into the blood per minute, and through the en%ire pulmonary
surface (90 m@ ) —=6080 ml of oxygen.

If we consider that the oxygen requirement of a mature man at
rest is 250-300 ml per minute, then it is obvious that at normal
pressure the lungs provide the organism with an excess of oxygen.

As 1s known, in calculating the amount of oxygen required, and
the carbon dioxide exhaled, and in determining the energy expenditure
it is necessary to reduce the value of the respiratory minute vol-
ume (RMV) to standard conditions, i.e., to the dry state (0° and
760 mm of mercury) (A. G. Dembo, Ye. M. Kreps, 1959).

The available tables of the coefficient F for reducing gas
volumes to standard conditions are calculated for changes in baro-
metric pressure from 711 to 790 mm of mercury (R. P. Ol'nyanskaya,
L. A. Isaakyan, 1959). For conditions of rarefaction from 760 to
198 mm of mercury (from 0-10,000 m) we compiled a table of the
coefficients F (N. A, Agadzhanyan, I. R. Kalinichenko, 1965). The
calculations for Table were made according to the formula

B ~b

760 (1+Lt°) °*

where B is the barometric pressure at the moment of investigation;

b i8 the vapor pressure (in mm of mercury) of the vapor saturating
the space at the given temperature; L is the universal gas constant
(1/273); t° is the air temperature (in degrees Celsius, according to
N. S. Savchenko, 1936).

16

W a e R ] e e LIS bt IR Bhoriy: Bt SR IRt IR A Ikt T Bt Bt DR B ik Dy Rt I R Ly memm—



Reducing the gas volume in a rarefled atmosphere to standard
conditions we obtaln a value reduced by approximately as much as
the barometric pressure is reduced. Thes2 calculations are not
reflected .- the coefficients of gas exchange. A determination
of the oxygen requirement and liberation of carbon dioxide in the
laboratory (barometric pressure 760 mm of mercury) and in a cham-
ber pressurized to an altitude of 7000 m (barometric pressure 308
mm of mercury) showed that in bcth cases the pulmonary ventilation
equalled 7 liters per minute and the temperature of the exhaled
air was 20°,

1. Reducing the volume of air to standaru conditions: /24

(RMV+F) = 7000¢0,910 = 6370 ml/min. (1)

2. Since the volume of exhaled carbon dioxide is less than
the volume of absorbed oxygen (in the case of a respiratory coeffi-
cient—RC—1less than unity), it 1s necessary to introduce a correc-
tion connected with the effect of RC

N2+0;

N, °’
where N2 1s the value exerted on the part of the nitrogen in the
exhaled air [in our example, 100%—(3.4 + 17) = 79.6%]; N1 1s the
value exerted on the gart of the nitrogen in the inhaled air [100%—

(0.05 + 20.91) = 79.04%]; O, is the oxygen content in the inhaled
alr (in percent).

X =

Having substituted the values obtained into the formula /25
x = 12:6:20:91 = 21,055 (2)

and subtracting the oxygen contained in the exhaled air (17%) from
21.05%, we obtain the percentage of oxygen absorbed by the orga-

3. Knowing the respiratory minute volume (RMV), it is possi-
ble to determine the amount of absorbed oxygen (in milliliters):

X = §§Z%%%;Q§ = 258 ml/min. (3)

4, Calculation of the amount of carbon dioxide exhaled 1s
made according to the difference between the percentage of CO: con-
tained in the exhaled and inhaled air (3.04 - 0.05 = 3.35%), mul- /26
tiplied by the value of the RMV:

X = éil%&gliﬁ = 213.4 ml/min. (4)
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TABLE 4., THE COEFFICIENT F FOR REDUCING A GAS SATURATED WITH VAPOR TO THE DRY
STATE, 0° C AND 760 mm OF MERCURY FOR CONDITIONS OF RAREFACTION.

i 4 b ’ Vapor pressure, mm Hg )
Alti-lrres i 12, 12w b oaas o {1 | e U | 0,68 | 2w | 2,8 | @25 | uw | &% | w0 | 2278 | 2155
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n_l______ :'.!;r,|x7|w|m!'m!'nk 2 | a | » | = [ ”I’”I”I”"‘

| l ’
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In the study by A. P. Apollonov and V. G. Mirolyubov (1938)
it 1s shown that the oxygen consumption by the tissues during ele-
vation to an altitude remains unchanged in rather wide limits and
decreases only 1n conditions of extreme degrees of rarefaction of
the atmosphere.

Experimental studies showed that for normal oxygen supply to
the organism the partial pressure of oxygen in the gas mixture at
different altitudes must be maintalned at a level somewhat exceed-
ing the sea level value at a pressure of 760 mm of mercury. For
this it i1s necess~ry to know the nature of the calculation of the
percentage of cxygen in the cabin of the flying vehicle. As 1is
known, in absolutely dry air at sea level the partial pressure of
oxygen (pOa,) is determined according to the formula:

pO2 = ai%ﬁ = 20'506760 = 159 mm of mercury

where a is the percentage of oxygen in thc air; B is the total baro-
metric pressure.

However, inhaled air 1s rapidly saturated with water vapor
and 1s heated to body temperature. It is assumed that the water
vapor pressure at high altitudes does not change and amocunts to
47 mm of mercury.

For a long time aviation doctors were of the opinion that for
normal oxygen supply to the organism it 1s sufficient that the
partial pressure of oxygen in cabins at different altitudes be
maintained at a level of 159 mm of mercury. However, it was sub-
sequently shown that with equal partial pressures of oxygen in
inhaled air the p0O2 in the alveolar air in conditions of lowered
barometric pressure will be lower than in the case of normal atmo-
spheric pressure. This phenomenon results from the fact that the
alveolar alr is saturated with wate> vapor. And since the water
vapor pressure does not change at high altitude, then with a de-
crease in the total pressure the pressure exerted on the water
vapor will be correspondingly increased.

This circumstance must be considered when determining the par- /27
tial pressure of respiratory gases in the organism. Thus, in order
to obtain the value of the partial pressure of oxygen in tracheal
air, the above-given formula will appear as follows:

pO = a(Biaoul) - 20-93(188 = 47) . 149.2 mm Hg.

Hence the percentage of oxygen is:

149.2°100
Bour

a =
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In order to maintain the normal partial pressure of oxygen in
the tracheal air (equal to 149.2 mm Hg). and consequently also in
the alveolar air (100 mm Hg) at different altitudes it is necessary,
as we indlicated above, to increase the percentage of oxygen in the

inhaled air, The calculation is performed according to the formula:
a = p0, 100
B - &7

The values obtained according to this formula for altitudes
up to 10,000 m are given in Table 5.

. TABLE 5. THE RELATIONSHIP BETWEEN THE PERCENTAGE OF OXYGEN AND
NITROGEN FOR MAINTAINING A pO: IN INHALED MOIST AIR
EQUAL TO 149.2 mm Hg AT HIGH ALTITUDES.

| atmos-|p0Oz in ] T T
Altitude,:phericidry air, | Percentage in inhaled

m pressure mm Hg ____gas mixture

N mm Heg | oxygen |nitrogen

0 760 199,07 20,93 79,04
1000 674,09 159,74 23,7 76,3
2000 596,23 162,1 27,2 728
3000 525,19 163,6 3L1 68,9
4000 462,26 165,8 35,9 64,1
5000 405,09 164,5 41,6 58,4
6000 353,77 172,0 48,6 51,4
7000 307,87 176,2 57,2 42,8
8000 266,89 181,0 67.8 322
9000 230,45 187,4 81,5 18,5
10000 108,18 195,6 98,8 Ll

As an example, Fig. 2 presents data characterizing the gas /28

——

ratio in inhaled and alveolar air in man in a laboratory study and
in conditions of an artificial atmosphere in a pressure chamber
(altitude 6900 m, O, 58%).

As is seen from Fig. 2, in order to have an identical partial
pressure of oxygen in the alveolar air (100 mm Hg) it is necessary
to increase the p0; in the inhaled air from 154.6 mm Hg (at sea
level) to 178 mm Hg (at an altitude of 6900 m).

Figures 3 and 4 show the gas ratio in the blood and in the air
in the case of breathing at sea level and at an altitude of 4250 m
atmospheric air (Fig. 3) and pure oxygen at 760 mm Hg and at an al-
titude of 10,400 m (Fig. 4).
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ORIGINAL PAGE IS
OF POOR QUALITY

Inhaled air

p0;- 1546 pCO,- 0.4 pOz- 178 pCO, - 2.5
szO' 13 PN:‘ﬁ?l.ﬁ pH;O-S.? PN;" 126

C

alveolar

alveolar
air

pO, - |00,2
pCO, -~ 37,9
pti0 - 47

pN2 - 126,9

100

A B

Fig. 2. Ratlo of gases in inhaled and alveolar air (in mm Hg)
in the case of breathing atmospheric air at sea level
(A), and a gas mixture containing 58% oxygen at an
altitude of 6900 m (B).

The knowledge of the characteristics of an investigation of
gas exchange has important practical significance not only for
conducting laboratory studies in pressure chamber conditions but
also in developing new oxygen breathing apparatus and high altitude
equipment and for developing an artificial atmosphere in the cablns
of

In recent years fundamental work on the further study of the
theory of the oxygen dynamics in the tissues of a living organism
has appeared at home and abroad. The application of electronics
in physiology and the creation of instruments (oxyhemom- /30
eters, polarographs, and so rorth) have made it possible to more
precisely determine the dynamics of the oxygen parameters wilth
8imultaneous recording of the indicators of the activity of physio-
logical systems participating in oxygen exchange.

According to contemporary concepts, the paths of entry of oxy-
gen into the organism are considered to be a continuously decreas-
ing cascade of levels of the partial pressure of oxygen in the
alveoli, the arterial, capillary,

In scientific literature there have appeared the concepts
the oxygen budget of the organism", the "total oxygen gradient",
the oxygen cascade", and the ' oxygen regime of the organism",
which reflect the drop in the partial pressure of oxygen at the
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inhaled air .

p0;-158 POO;‘O pO,-!N pCO; -0
pM,O—B pN; - 997 EHRO‘G PN, - 346

pQ0,-42

pHO-47 POO,- 41

pNy-217 pHO-47
pN,-319

Fig. 3. Gas ratios in the blood and in inhaled air (in mm Hg)
in the case of breathing atmospheric air at sea level
(A), and at an altitude of 4250 m (B).

p()‘- 754 pCOg" 0 O}- {81 pCO;-O
P
pH,,0-6 ) pi;0-6

p00,-48
pN.()-ﬂ

pH,0-47

Fig. 4, Gas ratio in the blood and in air (in mm Hg) in the
case of breathing pure oxygen at sea level (A), and
at an altitude of 10,400 m (B).
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various stages of its distribution in the organism (A. M. Charnyy,
1947, 1961; Luft, Armstrong, 1962; Hurtado, 1963; A. Z. Kolchin-
skaya, 1964). In addition, this indicator is compared with the
respiratory minute volume, the alveolar ventilation, the rate of
oxygen diffusion, the oxygen capacity of the blood, the dissocia-
tion curve of oxyhemoglobin and carbon dioxide, and so forth (Fenn,
Rahn, Otis, 1946, 1959; Hurtado, 1963).

. The concept of the "total oxygen gradient", being one of the
integrating indicators of the oxygen exchange, not only creates an
idea of those physical conditions in which oxygen exchange takes
place at the different levels of the oxygen cascade, but also makes
it possible to determine the nature of physiological shifts in the
conditions of a changed gas medium, for example in the process of
acclimatization to a high mountain climate. Studying the processes
of the adaptation of the organism to high mountain conditions,
Hurtado (1963) determined the basic values (gradients) of oxygen
pressure in simultaneously taken samples of alveolar air, arterial
blood, and mixed venous blood from the pulmonary artery (with the
ald of catheterization of the right heart) in subjects living at
sea level (Lima) and in inhabitants of Maroecccho (central Andes,
altitude 4540 m). Analysis of the results obtained made it possi-
ble to draw the conclusion that the high degree of acclimatization
of the local inhabitants to hypoxia is explained by the fact that
in them the total drop in the oxygen pressure gradient is half of
that which 1s observed in people living at sea level., Such an
economy takes place as a result of physiological adaptation pro- /31
cesses (increasing long ventilation, decreasing the alveolar-arteridl
gradient, polycythemia, and so forth). In inhabitants of Marococho,
for example, lung ventilation is 20% higher than in people living

at sea level, and if we recalculate for weight or body area, then
this value is raised to 40%.

Investigations (Hurtado, 1963; M. M. Mirrakhimova, 1964; K. Yu.
Akhmedova, 1967; N. A. Agadzhanyan, M. M. Mirrakhimova, 1970) showed
that acclimatized mountain residents, together with a higher degree of
ventilation, have a . greater volume of alveolar alr and an Increased
functional residual capacity and diffusion surface of the lungs.
Moreover, in an anatomical investigation of specimens of human lung,
expansion of the capillary channel was always observed (Campos,
Iglesias, 1956). All these materials indicate that the great ca-
pacity for oxygen diffusion »nbserved in mountain aborigines is a
result not only of functional but also anatomical charactéristics
of their organs and systems providing for control of the oxygen
exchange between the organism and the surrounding environment. The
expanded vascular channel of the capil’aries observed in the tis-
sues of mountalneers is an important mechanism of adaptation as a
result of the greater ease of passage (diffusion) of oxygen along
them. The myoglobin content also has a definite influence on the
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oxygen utilization by the tissues. In 1937 Hurtado mentioned the
higher myogloblin content in the muscles of dogs which were born
and lived in the mountains. Quite recently these data were con-
firmed in humen beings through a muscle biopsy performed on high-mountain
dwellers (Reynafarie, 1962).

In connection with the experimental data received in recent
years 1t appears to us that the above-mentioned general formulas
for the rate of gas diffusion and the general laws of oxygen perme-
ation into the liquid media of the organism, as they relate to
aborigines who have lived for centuries in high mountain condi-
tlons, probably require appropriate correction and refinements.

A significant step forward as regards oxygen exchange as a
whole was made by A, M. Charnyy (1947) in proposing the term
"oxygen budget of the organism." The concept of an "oxygen budget"
includes a whole complex of questions relating to the need
of an organism for oxygen, the laws of oxygen pemmeation into the
cells and fluids of the organism, its transportation through the circu-
latory system, and the mechanism of oxygen use by the tissues.
Thus, the very concept of an "oxygen budget" provides for a total
quantitative evaluation of the oxygen exchange.

J
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N. V. Lauer and A. Z. Kolchinskaya (1966) made an attempt to
establish the oxygen parameters which would successively reflect the amount
of oxygen entering in a unit of time with the inhaled air (qloa),

reaching the alveolil (qAOQ)’ transported by the arterial blood to
the tissues (qaoa), removed by the venous blood after a time from
the tissues (qvoz), and required by the tissues themselves (qtoe).

Comparison of the cascade q0, and pO,; shows that at different
stages of the exchange, the above-mentioned parameters have a defil-
nite interdependence vwhich makes it possible to speak of the
"oxygen regime of the organism".

Thus, authors take the term ‘'"oxygen regime of the organism" as
meaning the combination of interconnected oxygen parameters (pO;
and qO0y) of the inhaled alveolar air, the arterial and venous
blood, and the tissues, determined by the level of functioning of
variocus systems of the organism directed toward maintaining the

balance between the oxygen need and suppy of the tissues.

However, the concept of an oxygen regime proposed by N. V,
Lauer and A, Z. Kolchinskaya also does not completely exclude
those procedural difficulties which investigators ran into
earlier and which are now found in studying the qualitative
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interdependence of the values of the parcmeter velues at verious
stages of the cascades.

It seems to us that the essence of the concepts "oxygen

 _budget. of the organism" A.M., Charnyy, 1947), "total oxygen

'grmﬁent" "oxygen cascade" (Luft Armstrong, 1962 Hurtado, 1963),
"oxygen regime of the organism" (N. V. Leuer, A. Z. Kolchinskaya, 1966

do not contradict one enother in principle, but rather

mutually complement and refine one another, being a step forward
in the solution of the problem of oxygen exchange. In addi-
tion as & result of the extreme complexity of the investigated subject study
not cne of these concepts is universal and

exhaustive at the present time. Further systematic analysis of
these problems 1s necessary.

The explanation of the quantifative characteristics of /3
oxldlizing processes, which take place at the tissue, cellular and ~
moletular levels of the different functional systems providing for
the gas exchange of the whole organism, continues to remain a par-
ticularly weak link.

The concept of regnliating oxygen exchange originated at the same
time as discoveries of the energy significance of the oxidizing
processes necessary for the activity of the anlmal organism
(Bert, 1878; I. M. Sechenov, 1880). From that time on,respiration
began to be considered as essentiaslly as oxidatlon process with the
basic task of regulating the organism's oxygen supply and removing carbon
dioxide (Halaane, 1922).

In 1884, P. M. Al'bitskiy wrote in his doctoral dissertation:
"We " se@-in the animal organism a whole series of very complex
mechanisms able to compensate for the harmful influence of the
external environment, but these mechanlisms prove to be effective
only while in quite narrow limits and cannot provide for an
invariable internal environment of and organism under extreme
conditions" ¢ (p. 114).

The presence of a strictly specialized reflex mechanism of
respiratory regulation for hypoxic conditions testifies to the
important role of the nervous system in adapting the organism to
conditions of a changed gas environment.

According to contemporary concents respiratory regulation
is performed by two means: reflexively and by means of humoral action
upon the respiratory center.

In the opinion of several muthors, there are various cells, in the
area of the respiratory center,.some of which react to intra-
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cellular changes in 002 and others to reflex impulses (Banus, et al.,

£ 194k).

Alongside the previously discovered baroreceptors, providing
for regulation . of blood pressure in the wall of the aortic arch
and in the reglon of the bifurcation of the carotid artery,
that 1s, at the "turn" of the arterial system, there were
discovered chemoreceptors, capable of sensing the chemical composition of the
‘blood. The existence of chemoreceptors in the organism was predicted by
I. P. Pavlov thirty years before their discovery.

In 1894, I. V. Pavlov,in a report to the fifth congress of
the Society of Russian Physiclans in memory of M. I. Pirogov,
noting the importance of the study of the effect of different
substances on the peripheral endings of the centripetal nerves, /34
said; "These endings must be extremely diverse and specific,similar
te the nerve endings of sensory organs, each adapted to its own
unique stimulus whether this be mechanical, physical, or chemically produced". 1

The presence of chemoreceptors in the region weeof the aortic
arch was convincingly proven in the experiment by the Heymans
father-son team (1927), and in 1930 C. Heymans (the son) and colleagues

‘dlscovered chemoreceptors in the region of the carotid sinuses

possessing extremely high sensitivity and adapted to sensIng the
chemical composition of the blood.

In the reflex mechanism humoral factors - oxygen, carbon dioxide
gas and H-ions = have foremost significance as adequate stimull of
the chemoreceptors. Loeschcke and colleagues (1958) show that
a8 change in the pH 1n the zone of the respiratory center does not directly
influence respiration, acting on the center, but indirectly, through
the chemoreceptors, located in the recessus laterallas of the fourth
ventriale.

The chemoreceptors of the carotid sinus and the aortic arch
have foremost significance in the regulation of the oxygen regime
of the organism,

Even in the case of normal oxygen pressure in the blood the
chemoreceptors are constantly in a state of "hypoxic" excitation
which disappears with an increase in the arterial pO, to 170 ml
of mercury (Deyours, 1958, and others). High oxygen concentrations
seem to produce "physiological denervation" of the chemoreceptors
(Drips, Comroc, 1947).

I. P, Pavlov: Poln. Sobr. Soch. (Complete Collected Works,volume
1, Moscow, 1951, page 525. ‘ '
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The discovery of the most important regulator of respiration
and circulatione=thechemoreceptors of the sino- carotid and aortal
sinuses,== gchievements in the study of chemoreception as a whole
and the discovery of chemoreceptors of the venous channel and
of tissue chemoreceptors solidly confirm the concept of the parti-
cipation of chemical agents in the regulation of respiration and
circulation. (Ye A. Moiseyev, 1927; Heymans, 1927; Hering, 19273
M. N. Anichkov, 1929; and others). It has now been quite convinh-
cingly proven that chemoreceptors participate significantly in
regulation of the chemical properties of the internal environment
of the organism and in maintaining its chemical stability. Pos- /35
sessing high sensitivity to threshold fluctuations of arterial
pressure of oxygen, carbon dioxide and the concentration of
hydrogen ions, the arterial chemoreceptors are the first indica-
tors of these fluctuations and provide for emergency. adaptation
of the respiratory system. The respiratory center itself and
the respiratory formations in the walls of the ventricles of the
brain, being & more steady and inert regulatory mechanism come into action
later.

In studying the influence of different:pharmacological sub-
stances on the carotid. balls, the basic method is the methed of
isolating the carotid sinus, developed by Ye A. Molseyev (1926).
precisely, with the help of this method, in experiments on dogs 'Xe. A.
Moiseyev discovered retflexes from the carotid pressure receptors on
respiration. Tne Moiseyev method with a small modification was used by the

Heymans for perfusing the isoleted dog sinus.

The role of the perinheral chemorecertcrs has not been
studied up to the present time. In the opinion of M. V. Sergiyev-
skiy (1961) the peripheral chemoreceptors participate mainly in the
regulation of local processes.

At the present time, a great amount of experimental material
on physiological mechanisms of the adaptation of man and animals
to oxygen insufficiency has accumulated in the literature. Analy-
sis of this problem was begun in Russia with the studiles of I. M.
Sechenov and his closest students and followers—V.V. Pashutin
(1881), P, M. Al'bitskiy (1u84), and others, and abroad with the
works of Bert. )

However, despite the fact that the hypoxic state has long
held attention of various investigators, many aspects of this
problem have not yet been studied. At the present time we do not
have at our disposal sufficient materials revealing the intlmate
mechanism lying at the basls of adaptation to oxygen insufficiency.

In the most general form two types of adaptive reactions of
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the organism to hypoxia are considered in the literature, The first
type is that of extra-cellular compensatory reactions (respiretory, hemo-

dynamic and .humoral) providing for a normal oxygen supply to the
cells; theimr effect 1s realized through the agency of the nervous
system or by the neuro-humoral route. The second type is that of tissue /36

cellular adaptive reactions determining the metabolism in corres-
pondence with the oxygen supply.

Adaptive ‘Teactions of the first type compensate for oxygen
Qerficiencies 1in the blood by means of deepening breathing and
increasing the frequency of breathing movements, increasing the
minute volume of the heart, increasing the oxygen capacity of
the lungs, redistributing the blood among the organs with varying
- sensitivity to oxygen deficiency and also by means by increasing the
alkalinity of the blood, which increases as a result of hyperventilation.

Oxidizing enzymes of the tissues also rfight for oxygen
together with extre-celiular compensatory reactiona.
The possibility of physical-chemical changes in the tissues
and the adaptation of the tissues themselves to a hypoxic environ-
ment was mentioned by F. Bert (1878), V. V. Pashutin (1881), P. M.,
Al'bitiskiy (1884), Holden (1927) and later - by N. M. Sirotinin

(1931), Ye.M. Kreps (1945), V. V. Strel'tsov, I. M. Khazen, (1946)
and others.

The study 1n the laboratories of M. N. Sirotinin and G. Ye.
Valdimirov on the dynamics of changes in the acid-base balance of
the blood, which may influence the course of chemical processes
in the tissues and cause changes in the respiratory function of
the blood also had lmportant significance., Detailed information
on this problem is given in the monograph by I. M. Dedyulin (1941)
Z. I. Barbashova (1970) greatly contributed to the study of the
biochemical basis of the changes in the general resistance of the
organism and adaptive changes of the tlssue cnemism in the process
of acclimatization to hypoxia.
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The studies of L. L. Shik (1947) established that under the
influence of decreased oxygen pressure the level of exchange may
drop below the level of the basal metabolism. The author assumes
that the baslic cause of the decrease in oxygen consumption in
conditions of hypoxia 1s the decrease in the intensity of the
oxidizing processes. Lowering the bocdy temperature is a secondary
process. In the opinion of K. P. Ivanov (1968) cxygen dericicncles
- in the inhaled air leads to the suppression of chemical thermoe
regulation.

g S-S A W AP S g

In conditions of hypoxia the very mechanisms of tissue resplra-
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tion change qualitatively. A. V. Palladin (1954) established /317
that maintaining stability in the total absorption of oxygen

by the tissues takes place against a background of significant
changes in the very mechanlsm performing tissue respiration

since in this case the basic process of tissue resplration is
disturbed--the process of cleavage of hydrogen from the substrate.

The investigation of Ye,M. Kreps and colleagues (1956)
shows that 1n conditions of hypoxia there is first of all observeéd
a compensatory increase in the activity of several enzymes
(cytochromoxidases and carboanhydrases), owing to which a
sufflcient level of tissue respiration is ensured.

As N. A. Arkahangel'skaya (1946) indicates, the adaptive
changes to hypoxia take place in the cell itself and most pro-
bably in the nuclear apparatus regulating the cellular metabolism.

According to the data of Kamakura (19%%5),hypoxia primarily
acts on the membrane permeability. The use of certain phamacalo-
gical substances (ethyl carbamate) prevents a decrease in human
erythocytes of the potabsimu content and an increase of
the sodium content. Ethyl carbamate in subnarcotic doses
si%nificantly extends the life of rats at an altitude of 12,000 m
145 mht of mercury) and doubles the life expectancy of a frog
heart in a nitrogen atmosphere,.

In Hurtado's study (1963),data are given on a study of the
activity of enzymes 1n the tissues of animals and men acclimati:ed
to high-mountain conditions. The materials obtained testified
to the increased activity of the mitoohondrtial  oxidatlon system
in natives of high-mountain conditions. Reynafarje (1962) con-
siders these changes to be mechanisms providing for g higher de-
gree of utilization of oxygen through enzymes.,

It must be assumed that the numerous compensatory reactions
particlipating in the process of adaptation are of different signi-
ficance in the varlous periods of the development of oxygen star-
vation.

Depending on the degree of hypoxla or other factors these
sometimes act eonveniently and sometimes sequentially. However,
they are always directed towards the most perfect adaptation of
the organism to the effect of the external environment and to the
preservation of life in the most varied conditlons of exlstence.
The metabolism of the brain in normal and pathologlcal conditions
is of great interest. Experimental data on the biochemistry of /38
the brain during dying and revivication of the oprganism are presen-
ted in the monosraph of M. S, Gayeveskaya (1963).

A great number of works have been published on the study of
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the physiological mechanisms of adaptation to hypoxia. It is
sufficient to mention the monographs of J. Barcroft (1925),

J. Holden (1927), P. I. Yegorov (1936), E. Von Lier (1947),

A. M, Charnyy (1947, 1961), I. R. Petrov (1949, 1967), G. Armstrong
(1954), 2z, I. Barbarshova (1960), A. Z. Kolchinskaya (1964),

N. A, Agadzhanyan' © and M. M. Mirrakslmov = (1970) Y. E, Kovalen-
ko, I. M. Chernyiakyov (1972) and others. ‘

Large groups of scientistsin our country hgve sclentific con-
férences to. systematically discuss the results of their investigations
in studying the influence of hypoxic states on the organism.

The true organizer and inspirer of scientific symposia
is N.-M. Sirotinin. It was under his guildance, in 1949 at the
conference on hypoxia in Kiev,that the most contemporary and scien-
tifically well=founded classification of hypoxia was developed.
According to this classification, we can distinguish: 1) hypoxic hypoxia,
developing: a) from a decrease in inhaled p0; b) &s a result of

a blockage of the permeation of oxygen into the blood through the respiratory
tract; c) due to disturbance of extrernal respiration; 2) hemic

hypoxia: a) of the anemic type and b) hypoxia with inactivation
of the hemoglobin; 3) the circulatory type of oxygen starvation,
having: a) a congested form and b) an ischemic form; 4) tissue
hypoxia in which the tissues are deprived o>f the possiblility of
normal utilizstion of oxygen as a result of a disturbance in
oxidizing processes in them.

Although the basls of thls classification 1s the single'v
pathogenic principle of the development of hypoxic states, its basic short-
coming is the absence of the most commonly occurring combination type of

hypoxie.

A further improvement of the classification of hypoxic states,
with consideration of data obtained in recent years with the use of con-
temporary methods of investigation,is dictated by the requirements
of many branches of biomedical science in an era of unforeseen
scientific and technical progress. In the past decade a new field /3¢
of knowledee has develored — molecular blology - which interprets
the most important manifestations of life activity as a result of
the structure and properties of molecules and molecular interactions.
It is now possible to no longer spesk of cellular, but of molecular
pathology and to explain the nature of certain diseases by changes
in the structure of a specific type of protein molecule in the
tissues of the organism (V. A. Englehardt, 1959).

"Respiration,"writes V. A. Englehardt, stands before us as
a physiological phenomenon, of primary importance wholly and comple-
tely r°sting on the interaction and participation of several types
of molecules -= oxygen and carbon dioxide, on the one hand, and res-
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piratory pigments on the other" (1967).

A further study of the mechanism of the appearance of all
the above enumerated forms of compensatory reactions will make it
possible to control these reactions, to discover the nature of
many pathologlical states, to uncover the possibility for broad
regulation of energy exchanze in the organism, and consequently,
to find means of increasing the resistance of the organism to
oxygend¢ticiency and other extreme effects, and to determine
the limits of permissible oxygen concentration in air-tight
compartments in oxygen therapy.
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CHAPTER II

THE INFLUENCE OF OXYGEN DEFICIENCY ON THE ORGANISM

It is known that the influence of any factor of the external /40
environment on the organism has minimum and maximum limits. Life -
is possible only within these limits and severe funccional distur-
banceés which may lead to the death of the organism begin beyond
thelr bounds. Within these limits there are most favorable, opti-
mal conditions and less favorable but permissible condit.ons.

A complex of unfavorable factors influencing the humar. organ-
ism, even in insignificant quentities in the case of
prolonged action, be the cause of of a substantiel shift in the
state of health. Therefore the problem of maintaining a man's
efficiency in the case of a prolonged stay in air-tight compartments
acquires important theoretical and practical significance at the
present time and 1in essence becomes new, independent bio-medicel
problem, -

Habitability 1s the sum of many factors: the barometric pres-
sure, gas, chemical and ion composition of the atmosphere, the
temperature, humidity and motion speed of the air, the noise level,
ionizing radiation, light conditions, personnel accommodations,
water, food and clothing supply and etc.

One of the basic requirements imposed upon a medium of habita~-
tion 1s that the gas environment be safe for human health and not
go beyond the bounds of the physiologically permissible limits.

1., DECOMPRESSION RATE AND ABILITY TO WITHSTAND ACUTE HYPOXIA

During flight modern flight vehicles come under conditions
approximating a complete vacuum, in a medium not compatible with the
concept of life, In the case of a rupture in pressurization and e rapid /41
critical drop in the cabin pressure, the crew of the craft )
will be subjected to the danger of a rapid onset of acute oxygen
starvation, possible damage to the lungs, the inevitable develop-
ment of aeroembolism and the phenomena of boiling and vapor forma-
tion in the organs and tissues of the organism. In the combined

|
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effects of these factors acute oxygen deficiency presents the
greatest danger. Very small oxygen reserves completely satisfy

the physiological requirements of man and animals under condl-
tion of constant.. replenishment of this supply from the atmospheric

air. With a rupture in the pressurization of an aircraft cabin at high
altitudes (more than 10,000 meters) and loss of the vitally important
properties of the atmosphere a man without protective devices very
qulckly loses consciousness; since the oxygen reserves in the
human organism are extremely small they can last only a very insig-
nificant time - minutes and even seconds. Moreover,unconsclousness
and other threatening symptoms begin in man long before complete
exhaustion of the oxygen reserves in the organism. Tables 6 and 7
present data for time tc unconsciousness for a man breathing atmos-
sheric air at an altitude of 7500 meters_and breathing pure oxygen
at altitudes of 13,C00 to 17,000 meters. 1

It is necessary to note that the time to unconsciousness for a man breathing
atmospheric air et critical altitudes (more than 10,000 meters) and ‘
breathing pure oxygen at altitudes of more than 15,000 meters, is approximately
identical and equals 15-30 seconds, This fact becomes understandable if we
consider for spproximately this same time (for 8-12 seconds) the oxygen from
the lungs which is circulating in the blood enters the heart and brain.

Sucui a high speed of development of acute hypoxia at high altl-
tudes is explained not only by the decrease in the partlal pressure
of oxygen in the inhaled air, but also by the phenomena of the de-
gasing (deoxygenation) of the organism characteristic for these
conditions. In the case of extreme degrees of rarefaction of the
atmosphere the organism lcoses oxygen and other gases from the blood
through the lungs just as blood outside the organism looses these
gases, being placed in conditions close to a total vacuum. The /he

phenomenon of degasification of the organism 1s already observed at
altitudes on the order 12,000 meters and becomes clearly pronounced
at altitudes greater than 15,000 meters where the partial pressure
of oxygen in the alveolar air 1s physiologically equal to zero,
although physically there 1s still oxygen in the atmosphere. It is
precisely on this basis that certain foreign authors consider an
altitude of 15,000 meters, in relation to the oxygen supply, to be
ggsg%titude equivalent to the conditons of outer space (Strughold,

lThe term time to unconsciousness 1is understood to mean that

seguent of time during which a man retains sufficient capacity for
work and consciousness when breathing in conditions of extreme
degrees of atmospheric rarefaction.




- TIME TO. UiiCONSCIOUSNESS OF A MAN AT AN ALTITUDE OF 7500 METERS

IN AN ALTITUDE CHAMBER ACCORDING TO THE DATA OF SEVERAL AUTHORS—

V4

Cae

. Author

Time to ut.conciousness -

- minimum maximum _ average
1 ,
'A.P.:lpollonov 1'min 30 sec, 3 min.48 sec. 2 min, 18 sec.
et . -
G.Armstrong 2 » . - 4 » 3
KH.:Shtrukhgdl'd - 4" - -
v. Bhhdarenko Sminl4 sec. | 4 ” - 489sec. | 4min
V.A. Skxypin 4 min 14”7 37 sec. 7 min, 07 sec,
i &X:MW & " 31 sec. 16 7  49sec. | Tmin. 26 sec,
G, Dirinegofen 35 sec, 22 » .30 sec.
N.A. Agadzhanyany |;
G, A, Davydovl 9 min, 30 sec, 86 min. 10 sec. 52 min, 30 sec.
) n 3 min, 45 sec, 35 min. 23 min.
3 min, | 89 min, 07 sec. | 58 min.

1
IT - mountain climbers.

the fatal . effect -

I - subjects, exposed for tnis first time to under high-mountain conditions:

In the numerator are presented data obtained before

acclimetization to the mountain climate; in the denominator, after L
. days of acclimatigation. - - S ? ’ >

The use in aviation and estronautics of air-tight cabins with excess
pressure in relation to the external atmosphere mekes it
possible to fly at high altitudes, protecting the crew from

of these altitudes.

However, in real

flight conditions the possibility of decompression is not
excluded - loss of excess pressure, which may be relatively slow

or rapid.

'The influence of slow decompression does not cause
significant changes in the organism, while with rapid (explosive)
decompression profound functional disturbances appear.

There 1is

no single opinion as regards the boundary between explosives and

slow decompression.

G. Armstrong (1954) considers decompression

to be explosive 1f the rate of pressure drop exceeds the rate of

drop observed in rising by 1500 meters per minute.

F. Violette

(1961) determined decompression to be explosive, if the coefficient
of leakage (the ratio of the area of the opening to the volume of
the cabin) exceeds 1:100 m2/m3 and the ratio of the initial pres-
sure to the final pressure 1s more than 2.3.
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TABLE 7. TIME TO UNCONSCIOUSNESS OF A MAN BREATHING PURE OXYGEN AT
"ALTITUDES OF 13,500 - 17,000 M

b Alut:'de’ ?l'tl of Time(data of V,A,Skkrypin) .
Ben- | .
tsinger . | anm maximum aversge
13 500 - 6 min (7 see- 30 sec . —
l1000 50 sen 47 w 4 mimr 45 » |2 min 45 sec .
14 500 25 » 30 » 3 » 40 » {1 ” 04 »
15000 15 » 19 » 11 » 22 » 34 »
}2888 lg » 17 » 27 » 2] »
» 15 » 21 »

! o O 5 18_ » |

i

b

Such an interpretation, in our opinion, is one-sided. In
evaluating the different parameters of decompression it is neces-
sary to consider not only the degree of change in the absolute
values of physlcal factors of the medium, but also the nature and
the degree of reaction of the different functional systemsy the
individual peculiarities of the organism, the presence of protective
equipment and etec.

The physical characteristics of any pressure drop are deter-
mined by the duration of the drop, its magnitude and rate. ™he
greater the time of a drop, the less will be its speed and conse-
quently the more easily the decompression will be withstood by the
organism and the less danger it will offer it.

The magnitude of a drop is determined by the pressure differ-
ence in an air tight cabin before the beginning of decompression
and after its completion. The rate of a pressure drop expresses
the ratio of the pressure in the cabin before the moment of de~
pressurization to the pressure after decompression. Ignoring even 2
one of the above mentioned parameters leads to an incec~rect con- -
cept of the nature of decompression. The parameters of the drop
are determined in turn by those conditions under which decompression
in the cabin takes place, in particular by the altitude and flight
speed, the original pressure and gas composition in the cabin, the
volume and degree of damage to the cabin.

Thus, from the point of view of physiology modern flight
vehicles, equipped with air-tight cabins, seemingly, and completety
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solve the problem of flight 1n outer space, However, in real con=-
ditions it is impossible not to consider the possibility of air
leakage from the cabin. Therefore. the study of the time a man can
retain the ability to work at different rates of cabin decompres-
sion acquires important significance, It is established that the
time from the beginning of decompression to the appearance of
pronounced functional disorders in man (disturbances in writing,
dimness in the eyes, appearance of local cramps, disturbance of
respiration rhythm, bradycardia etc.) in the case of a rate of
_climb of 2n/sec was on the average 58 minutes » and the altitude

"ceiling" was 6527 meters. In the case of rising at a rate of 0.1
meters per second these values were,respectively, 13 hours 21 minutes
and 5101 meters ( N. A. Agadzhanyan etal. 1965).

Investigation of conditioned reflex activity, writing
characteristics and movement coordination dictates that the degree of

expression of disturbances in the analytic-synthetic activity of the
higher sections of the brain depends both on the degree of oxygen
starvation and also on the duration of its action upon the organism.

The state of the cardiovascular system was evaluated according
to the nature of change in the electrocardiogram, the arterial
pressure and the characteristics of vascular reactions. According
to the degree of altitude climb, the EKG registered decreases in
the R-R interval, a decrease 1n the P, R and T splkes, and in indi-
vidual experiments - a decrease in the QRS interval with a slimul-
taneous shift to the left of the electrical axis of the heart. All
this indicates the presence of quite pronounced hypoxia and over-
straining of myocardium. These changes were more pronounced in
experiments with a rate of climb of 0.1 meters per second.

. The development of hypoxia was accompanied by a change in the
blood inflation level and tome of the vessels. In
the case Of a rate of climb of 2 m/sec s the subjects displayed an increase in
the blood inflation of the brain vessels and a
significant decreasez in the inflation of the vessels of the lower
extremities, as well as & decrease in the vascular tone.
A different plcture was observed in the case of climbing to "alti-
tude" at a rate of 1.0 m/sec. In these conditions there was a
decrease in the blood inflation of the vessels of the brain and the
extremities.

~
=
T

Experimental data show that a change in the rate of fall of
barometric pressure in the environment has a significant influence
in the formation of the response reactions of the organism.

Having established under two decompression regimes that, for humans
the change in the high-altitude
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ceiling and the time to unconsciousness is & function of the

rate of decompression,in the case of two decompression regimes,

we declded to expand our Investlgation to experiments on animals.
In doing this, in addition tO regimes of 2 and 0.1 m/sec we also
used other rates of decampression (25, 75, 150, 300 and 500 m/sec).
The results obtalned are shown in 'I‘able 8, in which the dependence

of the altitude "ceiling" and time to unconsciousness upon the rate
of decompression is clearly seen.

TABIE 8.CHANGE OF THE ALTITUDE CEILING AND SURVIVAL TiIME OF WHITE RATS
AT AN ALTITUDE OF 12,000 METERS AS A FUNCTION OF THE RATE OF
"CLIMB" IN AN ALTITUDE CHAMBER (ACCORDING TO N. A. AGADZHANYAN
AND A. V. SERGIYENKO)

Decomp-| No. O,L Altitude* celling”;m | _ . _ Surival time’
!i‘x‘n oxve:ﬂ N '
regime, me . .
mfsec 7% mintm max average minimum . maximum average
2 20§ 11700 ] 14 700 l 13370 105 min 35 gec 131 min 42 sec 121 min 32 e
25 30 15050 § 14325 § 13618 s, 42, 9 » 33 w 9 » "
75 22 14 150 ‘ 16 750 16 088 3w 08 » 3 » 51 » 3 » 32 »
150 38 1 17050 18 900 18256 115 » 130 » 123 »
\ 300 30 20 000 ‘ 22 800 21495 67 » 76 » 72 =
500 40 24 00 27 200 25145 48 » 55 » 52 »

Note: In all series of _xperiments P is less than 0.05

The lower the rate of climb, the lower the altitude 'ceiling," /4

and vice versa., However, if we consider the time to uncon- -
sclousness, an inverse dependence 1s observed - the slower the
climb is performed, the greater is the time to unconsciousness. The
results of investigations of the physiological reactions of the
organism showed that during rapid climbs a greater load falls upon
the central nervous system, while during slow climbs, on the car-
diovascular system.

2. CHANGES IN THE PARTIAL PRESSURE OF GASES IN THE ALVEOLAR AIR
IN RAREFIED ATMOSPHERE CONTITIONS

In order to understand the physiological mechanisms of hypoxic
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disorders and to develop prophylactlc measures aimed at providing
for the safety of high-altitude flights, it 1s first of all neces-
sary to study the characteristics of gas exchange under extreme
degrees of atmospheric rarefaction. This 1s necessary because the
fundamental condition for a normal oxygen supply to the orgenism amounts
in effect to the maintenance of & sufficient p02 in the alveolar air which'is

the true gas medium for the orgenism.

Table 9 shows the relationship between the partial pressure of
oxygen 1n the inhaled and alveolar air at different altitudes.

As is seen from Table 9, during breathing atmospheric air at sea
level the partial pressure of oxygen in the inhaled atmospheric air
is 159 mm of mercury, and in the alveolar air? 102 - 107 mm of
mercury, i.e., 52 - 57 mm of mercury lower.

Studies by domestic and foreign authors have shown that,with
a decrease in the atmospheric pressure,the partial pressure of
oxygen in the alveolar alr drops more slowly than in the surrounding
air. Thus, M. Ye. Marshak (1948, 1961) showed that if the partial
pressure of oxygen in the surrounding air decreases by 24 mm of
mercury during & climb from 4000 to 6007 meters, in the alveolar air it drops
,only by 13 mm of mercury..

At an altitude of 4500 meters the partial pressure of oxygen
in the inhaled air equals 91 mm of mercury. In the absence of
compensatory-adaptive reactions the alveolar oxygen pressure at this /47
altitude would be (according to thecretical data) 41 mm of mercury,
but in fact, owing to intensified breathing, it decreases only to 53 mm of
_mercury. Likewige an altitude of 8000 meters the partial presure of oxygen in
the alveolar air is not 6 mm, but 26 mm of mercury.
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TABLE 9.  RELATMONSi> BETWEEN THE PARTIAL PRESSURE OF OXYGEN IN
INHALED AND ALVEOLAR AIR AT DIFFERENT ALTITUDES

>

‘L Partial pressure of Oxygen, mm Hg
Altitude; | Atmosph-| in in- nin | ' in the absence of
m erie haled haled experi- ! oompensatory
Pressure dry air we' alr mental changes andPCO ,, =@
mm Hg A Cocomiaanad L
0 760 159 149 102-107 109
1000 674 141 131 —_ 91
1500 631 133 123 82 83
2000 596 - 125 115 75 75
3000 526 110 109 69 60
4000 462 .97 87 47
4 500 433 91 81 53 4]
5000 405 85 75 47 35
6 000 354 74 64 40 24
7 000 308 65 55 34 15
7 500 287 | 60 50 30 10
8000 267 56 46 26 6
9000 230 48 38 21 0
10 000 108 41 31 17 -
11 000 169 35 25 13 -
12 000 145 30 20 —_

-

At the present time there are different opinions expressed
in the literature concerning the minimum amount of oxygen required
to be present in the alveolar alr in order to sustain life. Some
authors ( I. M. Sechenov) cite a value equal to 25 mm Hg, which
corresponds to an altitude of 8000 meters, while others (K. E. Schaefer)
consider the critical value to be 33 mm Hg (7000 meters).

In calculating pO2 in the alveolar air it was assumed that
pCO2 and the water vapor pressure in the alveolar air remain un-
changed at high altitudes, making up a total of 87 mm Hg (pCO2 4o
mn Hg and pH,0 47 mm Hg). i
The experimental data gathered here and abroad indicates that 48
it is necessary to define more precisely . such a concept. Indeed,
if the saturation of alr with water vapor at body temperature (plus
37°) may be assume to be equal to 47 mm of mercury for all altitudes,
then with a rise in altitude, when pulmonary ventilation increases,

the process of discherging carbon dloxide from the organism is
changed.

The dynamic study of gas exchange under high levels of atmospheric
rarefaction, conducted by I. M. Dedyulin (1941),

39



ORIGINAL PAGE IS
OF POOR QUALITY)

established that carbon dioxide 1is washed out of the alveoll during
an extended stay at the same altitude. Thus, for example, during

a one-day stay in an altitude chember at an "altitude" of 4500 -

5000 meters, the pCO2 of the alveolar air decreased from 38 to 26.3
mm of mercury.

In P, K, Isakev's investigations (1947),1t was revealed that
an increase in the Py O2 and a decrease 1in the pA002 werecﬂmerved

in the case of repeated "ascents“ to an altitude of 5000 meters
(1n the course of an hour) (Table 10).

TABLE 10. THE INFLUENCE OF REPEATED ALTITUDE CHAMBER ASCENTS ON
. THE PARTIAL PRESSURE OF OXYGEN AND CARBON DIOXIDE GAS

IN THE ALVEOLAR AIR
o mml-!:)
Ascent

1st 2nd 3rd 4th 5th _ 6th Tth

Oxygen 374 | 453 113 | 478 47,1 | 514 | 550
Ca,r%on dioxiﬁh 336 | 288 303 260 27,1 241 215

ges

-

In altitude chanber ‘ascent by mountain climbers also
showed that their pCO2 decreased from 34-38 mm hg at sea level to

18-28 mm hg at altitudes of 7,000 - 9,000 m (N. A. Agadzhanyn,
G. A. Davydov, 1967).

As is known, 1n conditions of normal atmospheric pressure the
values pAO2 and pACO2 vary in mutually opposite directions. A

decrease in p,0, 1is accompanied by an increase in p, O, (hypeventilation
of the lungs), end en increase in P05, by a decrease in P,CO, (hyper-
ventilation).

This characteristic of the variation of pAO2 and pACO2 was /4

noted in 1875 by I. M. Schenov. In theoretical calculations of
the composition of alveolar air he made the assumption that the
partial pressure of nitrogen in the alveoli is constant. Hence
it followed that the total of pAO2 and pACO2 is also an invariable

value. Further experimental investigations showed that this assump-
tion is true only for an organism existing in a state of stable
equilibrium wilth the surrounding environment. 1In verious kinds of
"transition" stetes, the PAN, and the total of
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pAO2 and pACO

2

vary in relation to the nature of p‘ulmonary venti-

“Lstlon. The value of the p, W, decreases during hyperventilation and

_ increase during hypoventilstion in comperision with the p, N,  during guiet

_breathing (N. A. Kurshakov, N. A. Troitskiy, 1951).

TABIE 11. PARTIAL PRESSURE OF GASES IN THE ALVEOLAR AIR (mm Hgz)
AND THE RESPIRATORY COEFFICIENT (r) FOR DETERMINING
THE TIME TO UNCONSCIOUSNESS OF A MAN AT AN ALTITUDE OF

7500 m (287 mm Hg)

o

;Gasand
resD.. .

| Subiets bl | poondit fenap——_- %
: -ascent | _
B [ Oxygen | 1162 208 37.9 34.3
,  Fov 1112 408 34.4 330
'ogov g 1173 36.0 28.7 311
Ktm 14919 | 39,2£1,5 | 337427 | 328109
7 Valeott 3= 1.78 133,59
‘ “ up e 057 ) > g,05 <005
B-ov "} | 15, 15, 13.2
Eov | S | 228 14.1 10,5 103
:—w : 30.0 139 ;gg L4 }37 0o
t ] 9.5+2, 410, 0Ll 110,
Wive of £ 205221 144204 1 2008 | =234
w wopl : >0.05 <005
B-ov 571.1 84.1 186.9 1925
Bov | UORR L beshy 851 195.1 196.7
G-ov 5657 190,1 198.1 196,2
. RKim 568.6+1,6 | 186,4+1,9 | 1934:34 | 105.1:14
Value of £ t3==1.80 13=:3.69
“w wp ’>oaao 0<o.os>
B-ov 0,746 "2,040 38 .810
Gov  |Roerfi. | 0830 1,860 0625 0,550
fim |.cient 0,936 1,010 0.570 0.620
Valueof t |- - | 0837:0,06] 1,640+0,39] 0.858- 0,27 | 0.660: 0,08
“ wpo ! ’ l3=1.87 (3:2,9?
>0,05 <0,U5

/50

The experimental studies conducted in our laboratory (N. A.

Agadzhanyan, G. A. Davydov, 1967), showed that changes in the
partial pressure of gases at the same altitude depend not only on

the adaptation of the organism to hypoxia during repesated ascents,
but als¢’ on the decompression rate and the time the alveolar alr

is taken at any altitude, i. e., the time spent under conditions of f
rarefied atmoephere (Table 11).
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) As is seen from the.data in Table 11, = the time of spent 8t a
cer‘bain altitude has independent biological significance of its own
and causes a regular dynamic decrease both of the pCO2 and of the

p02 in the alveolar air. This phenomenon was analyzed in more
detail by G. A. Davydov and V. P. Nikolayev (1972).

In determining the "time to unconsclousness" at an altitude
of 7500 meters the experiment is broken down into three stages.
The first stage consists of bremthing pure oxygen and ascending to en
altitude of 7500 meters. The second stage begins from the moment
the oxygen mask is removed ac 7500 meters and ends after approxi-
mately 30 seconds, when the pAO2 value decreases to the norm (1C0
mm Hg). In the third stage the pA02 of the alveolar air has already

begome hypoxic (pO2 less than 100 mm Hg).

Table 11 shows the values of pA02, pACO2 and pAN2 during ean
extended stay of a man at 7500 meters. The values of p AN2

were calculated according to the following formula:

PpN, = (B — 47) = p,0, = p,CO; (1)
where B is the total pressure at an altitude of 7500 meters, equal
to 287 mm of mercury. The values of the respiratory coefficient

(R) are also entered in the table.

The dynamics of the changes in the composition of the alveolar
alr during the course of the entire experiment are graphically
illustrated in ¥Figure 5. The 1nitial points of pAO2 and pAN2

correspond to the average initlal composition of the alveolar air,
which was determined in the subjects before beginning the experi-
ment. After removing the mask (from the moment t = 3 minutes),the
curves of pA 29 pA002 and pAN2 are plotted according to the data

in Table 11. The curve of the oxygen saturatlion of the subjects’
blded is also shown in Figure 5.

In plotting the curves of pAO2, pACO2 and pAN2 in the interval

of time from t equal to 10 mmutes to O minutes, we assumed that: 1) in- .

flow of air under the mask is completely excluded; 2) the pressure /51
in the chamber changed uniformly during the ascent; 3) the value of
pACO remained constant.
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s Fig. 5 Dynamics of the Composition of Alveolar Air in a
Man in Experiments to Determine the Time to
Unconscliousness at an Altitude of 7500 Meters
ptot’ Pressure Change in the Altitude Cham-

ber During the Experiment; pAO2, pACOZ’ pAN2 -

the Partial Pressure of the Oxygen, Carbon Dio-
xide Gas and Nltrogen in the Alveolar Alr; HbO2

- the Oxygen Saturation ¢f the Arterial Blood

The process of the "gradual" washing of nitrogen cut of the
lungs after conversion to treathing pure oxygen with a constant
external pressure is characterized by the equation (Fowler et al.
1952, Edelman et al. 1968):

VERC n (2)

——)J
+ VT VD

[(p,N,) = (p,Ny)o [
A2 A72°0 vFRC

where (pANe) is the partial pressure of nitrogen in the alveolar

air after the n-th inhalation of pure oxygen (mm Hg); (pANE)O is

the initial particl pressure of nitrogen in the alveolar air (nm
Hg); Pprc 18 the functional residual capacity of the lungs (ml);

-

VT is the respiratory volume (ml); VD is the volume of anatomical
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dead space (ml).

Equation (2) characterizes the process of an ideal mixing of /52
gases 1n the lungs. The actual process of the washing of nitrogen
from the lungs differs somewhat from the ideal due to the nonunifor-

- mity of ventilation of particular parts of the lungs,(which occurs
even in healthy persons) and the discharge of nitrogen from the blood

and tissues into the lungs (Darling et al, 1940; Fowler et al. 1952;
J. Comroe et al. 1961; Edelman et al 1968). The p,N, curve (see

Fig. 5) corresponds to i1deal washing of nitrogen from the lungs of
a healthy man, in whom VFRC = 3000 ml in the sitting position, VT =

500 ml, 'VD = 150 ml with a respiration rate of 12 per minute (J.

Comroe et al, 1961). During an ascent the actual '
pAN2 curve in our experiments differs little from the ideal.

With the conversion to breathing atmospheric air at an alti-
tude of 7500 meters the process of the replacement of oxygen in
the lungs by nitrogen is characterized by the same regularities as
is the process of the substitution of nitrogen by oxygen
during the cmonversion t6 breathing pure oxygen. Therefore the rela-
tive rates of increase of the pAN2 curve and decrease of the pAO2

curve from the moment t = 0 are approximately identical with the
initlal rate of decrease of the pAN2 curve. .

However as 1s known, one of the first reactions of an organism
in conditions of hypoxia is hyperventilation of the lungs, whereby
the lungs are filled with nitrogen at more rapid rates. Moreover,
from this moment due to hyperventilation the partial pressure of
carbon dioxide gas in the alveolar alr began to decrease gpd the rate
of decrease of the p AOZ curve is diminished somewhat.

In agreement with the pAN2 curve the partial pressure of oxy-

gen in the alveolar decreased to 100 mm Hg approximately t = 30
seconds after the conversion to breathing air. In PFig, 5 it 1s
also seen that the hemoglobin oxygenation curve (according to oxy-
hemometric data) begins to decrease significantly 45 seconds after
removing the mask. As 1s known, thc blood, having passed through
the lungs, flows to the helix of the ear, where the oxyhemometric
sensor was attached, after approximately 13 - 15 seconds (Darling
et al. 1940).

Thus, in these experiments a clear correlation appears between

the dynamics of the changes in alveolar air composition and the
dynamics of the change in arterial blood oxygenation.
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Fig. 6 Change in the Respiratory Coefficient R in
Experiments to Determine the Time to
Unconsciousness at an Altutlde of 7500 Meters

In conditions of a changed gas medium, (as with rarefaction of /53
the atmosphere) a new gas equilibrium between the alveolar air and
the surrounding medium, and consequently, a stable condition of
gas exchange 1s gradually extablished. The duration of this process
is determined by the degree of hypoxia.

In order to determine the stable alveolar alr composition at
an altitude of 7500 meters it is necessary that the man stay for an
extended period of time at this altitude, i.e., possess increased
resistance to hypoxia. As we have already mentioned at altitudes
greater than 7000 meters unconsciousness develops after only 5 to
10 minutes (and sometimes even earlier) due to acute oxygen starva-
tion. The subjects who participated in our experiments haed increased
resistance to oxygen starvation after preliminary mountain acclima-
tization and in the majority of cases the time to unconsciousness
at an altitude of 7500 meters was more than 60 minutes.

Results of an analysis of alveolar air samples indicate that
even a stay of an hour at an altitude of 7500 meters is insufficient
for establishing a stable state of gas exchange.

The instabllity of gas exchange in experiments to determine

the "time to unconsciousness" at high altitude is more graphically
manifested by dynamics of the change in the respiratory coefficient

55

T £ g R

e T

i T TR T 2 RO - Mo BV |~ i)

I e B N At v
et A e e R




(R) of the subject (fig. 6). As is known 1t is possible to charac-
terize each portion of the inhaled air by its own particular value.
Ir pAO2 and pACO2 are known the value of R may be calculated by /54

J. Comroe's equation:
(1 - F102).pA.CO2

2 ~PUy = F105 .1y

R = 3

Py ([0 (3)

2

where F102 and p102 are respectively the fraction concentration
and partial pressure of oxygen inm moist inhaled air at body temperature.

Bargeton uses another form of this equation:

R - pACO2
p,.N
A2.p0_
PN, " P2 Py

(4)
0,

where PAN2 and plN2 are,respectlively, the partial pressure of nitrogen
in the alveolar and moist inkzled air,

Bargeton (1967) showed that with an exhalation volume amounting
to 58% of the total exhalation volume the value of R becomes equal
to the mean value of R for all exhaled air. When exhalation is
‘retarded by holding the breath and coupressing of the lungs in proportion to
the degree of exhalation the oxygen absorption by the blood greatly exceeds
the discharge of carbon dioxide. Therefore the value of R signi-
ficantly decreases in the final portions of the exhaled air. For
example given a duration of exhalation equal to 10 seconds, R decreases
to 0.2 (Kim et al, 1966).

On the other hand, during forccd exhalation  the values of
p02, pCO2 and R become very close to their mean values (Bargeton,

1967).

Thus, the value of R, calculated according to the parameters
of the alveolar gas, depends on the volume and rate of exhalation,
and also on the moment the sample of alveolar air is taken.

In the experiments we analyzed,the air sample was taken at
the end of forced breathing and the participation of the subjects
in this procedure was strictly uniform. Therefore,the observed
changes in the composition of the alveolar air samples in prcportion
to the time the subjects spent at high altitude can only be due
to the specific effects of acute hypoxia on the gas exchange.
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In our experiments the values p1 o " (B — 47) X Fl 5 and
plO2 = (B—U47)XPF 02 were respectively 190 and 50 mm of mercury.

The dynamics of the variation of R in time are graphically shown in
Fig. 6. The curve of R is plotted according to the average values
of the respiratory coefficient for all subjects.

Calculations of the values of R according to equation (4) were
absolutely correct only for the case where the amount of nitrogen
entering the lungs during inhalation 1s equal to the amount of
nitrogen expelled from them during exhalation. In the experiments under
consideration the process of filling the lungs with nitrogen
had still not been completed after 3 minutes. Therefore, calculation of
the values of R for this moment of time gives somewhat exaggerated
results. However thils overestimation 1is insignificant in comparilson
with the increase in R as a result of the increased washing of
carbon dloxide of the organism.

In the first minutes of the action of acute hypoxia on the
organism the respiratory coefficient increases and may exceed the
initial value by more than two times. Its value significantly
decreases 1in proportion to the stay at an altitude of 7500 meters.

The dynamics of the change in the alveolar air compesition
at high altitudes are conditioned by two factors: 1) the change
in the gas composition of the inhaled air and 2) the reaction of
the organism to hypoxia.

A comparatively high value or pAOE’ recorded at an altitude of

7500 meters 2-5 minutes after removing the oxygen mask, 1is caused
by a number of factors. Inthls stage of the experinent, some
oxygen remgined in the lungs. The high value of pAO2’ evidently,

vas also maintained due to the entry of oxygen into the alveoli from

the blood and tissues, since an organism possesses several oxygen
reserves (A. M. Charnyy, 1961; P. A. Korzhuyev, 1966; A, A, Vish-
nevskiy et al. 1967). Moreover,in the case of hyperventilation
the level of alveolar oxygen increases as a result of the
intensified flow of atmospheric oxygen in the inhaled mixture.

The lowering of pACO2 in the course of the experiment is caused

by the hyperventilation of the lungs in response to acute hypoxia.
The process of lowering pACO2 i1s extended in time in connection with

the presence of comparatively large reserves of carbon dioxide gas
in the blood and tissues (Farhy, Rahn, 1960).
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Further investigations to establish the correlations between
nhanges in the function of respiration and nlood clrculation make
it possible to reveal " more intimate and physiological mechanisms /56
of the disturbances which arise in the conditions of a significantly
altered gas medium, and to develop corrective measures.

3. THE INFLUENCE OF HYPOXIA ON THE FUNCTION OF BLOOD CIRCULATION
AND BLOOD OXYGENATION

Adaptation to oxygen deficiency 1s a very complex and multi-
faceted process, in which practically all organs and systems of
the organism participate. '

Oxygenation of the arterial blood 1s the resultant funection of
respiration and blood circulation., The oxygen pressure in tae
tissues, and consequently, the normal course of oxidizing processes,
to a great degree depends on the degree of oxygenation of the arter-
ial blood.

~ As 1s known, the oxygen in the blood occurs in two forms: in

a free, physically dissolved stall (in ‘the plesma) end in the bound state
(combined into oxyhemoglobin). Oxygen freely dissolved 1n blood 1s
subject to the laws of gases dissolved in liquids. Its content is
directly proportional to its pressure and depends upon the solubi-
1lity of oxygen in plasma (the absorption coefficient) and on the
temperature. The absorption coefficlent for oxygen (a) in human
plasma at a temperature of 37° and a pressure of 760 mm Hg. 1is equal
to 0.023. The pressure of the oxygen dissolved in the plasma 1s
determined by the partial pressure or the oxygen pressure in the
surrounding medium, with which the blood strives to enter gas equili-
brium. The pressure of the oxygen, dissolved in the arterial blood
leaving the lungs, approaches the pO2 of the alveolar air, although

it 1s somewhat lower than the latter due to the comparatively slowed
diffusion of oxygen through tie alveolar walls and the capillary
endothealium,

The oxygen pressure in the blood flcwing from the tissues.
depends upon the partial pressure of oxygen in the tissues fluids,
and the latter in turn is determined by che intensity of the tlssue
recspiration in the various tissues.

The higher the pressure of the free oxygen, the more it oscurs
in the chemically bound form, i.e., the more the hemogloblin com- /57
bines with the oxyfen and turns into oxyhemoglobin. According to
Hiifner's data (1894), one gram of hemoglobin can combine with 1.34 -
1.36 ml of oxygen.
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- The amount of oxygen (in ml) which can be bound by 100 ml of
blood with complete conversion of all hemoglobin into oxyhemcglobin, is

called ‘the oxygen capacity of the blood.

The oxygen capacity of blood.is determined by the amount of
active hemoglobin contained in it., It decreases during various ane-
mias and polsonings . by. certain poisons, for example, carbon mono-
xidei_n}trites, and aniline, which deprive the hemoglobin of the ability
to combiae with oxygen and to form easily dissociating oxyhemo-
globin. In the case of carbon monoxide poisoning, the hemoglobin
turns into carboxyrhemoglobin, and in the case of poisoning with

nitrites and aniline ,methhemoglobin is formed.

m™.e oxygenation of the blood expresses the ratio of the amount
of bcund oxygen to the oxygen capacity of the blood:

- bound 0, .
HbO2 = X 100.
oxygen capacity

Thus the oxygenation of the blood 1s understood to mean the
perccatage of oxyhemoglobin in relation to the hemoglobin available
in the hblood.

_ At sea level the hemoglobin of the arterial blood is not com-
pletely saturated with oxygen but amounts to approximately 95-97%.

The underoxygenation of the arterial blood results from the
uneven ventilation of the alveolar air in different parts of the
lungs and the conditions of blood circulation in the minor cir-
culatory cycle (Haldane, 1922; N. N. Savitskiy, 1940; N. Ye Mar-
shak, 1961, 1969; V, V, Parin, F. Z. Meyerson, 1965),

The ability to withstand hypoxia also greatly depends on the
functional state of the cardiovascular system, since for normal
oxygenation of the arterial blcod it 1s necessary to have a speci-
fic correlation between the air exchange and blood supply of the
lungs. Disturbing the normal correlation between the alveolar
ventilation and the blood supply of the lungs in conditions of a
rarefied atmosphere leads to a worsenirg of the oxygenation of the
blood and the development of oxygen insufficiency. The alveolar
ventilation (AV) in a healthy man at rest equals approximately /58
4 1ite.s per minute, and the pulmonary blood supply (PS) is 5 liters
per minute. The degree of oxygenation of the blood depends chiefly
on the ratio AV. Experimental studies showed that the ratio AV

PS PS
is influenced not only by the nature of the ailr exchange in the
different sections of the lung and the rate of oxygen diffusion,
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but also by the characteristics of the variation of the minute vol-
ume of the blood, the level of arterial pressure, the tone of the
vessels of the minor cycle and the functional state of the cardio-
vascular system of the organism as a whole.

A study of the vascular reactions in conditions of hypoxia can
have a certain significance in an examination. .to reveal the
causes producing a lower individual resistance of a man to oxygen
starvation.

. Low resistance to hypoxie hypoxia is due to a functional

A deficiency in the regulation of the cardiovascular system. A. P.
Apollonov (1953) and /M. D. Vyadro (1958), having studied individual
resistance to hypoxia in the case of ascent to an altitude of 5000
meters without. oxygen, established that patients with hypertonic
disease withstand oxygen diffenciency satisfactorily, and patients
with vegetative dystonia withstand it poorly in the majority of ceases.

At the same time other authors established that,in the process of
altitude chamber tralning,changes on the part of the cardiovascular
system are also smoothed over simultaneously with an increase in the
altitude resistance (M. Ye Vasilenko, O. G. Gazenko et al, 1958).

V. N. Alinfanov (1968) and L. Il. Lemensheva (1969), having used
combined functional loads, arrived a* the conclusion that a vector-
ometric analysis of the electrocardiogzram in the frontal plane 1is
a valuable addition to a gquantitative evaluation of the changes in
the myocardium, arising in conditions of oxygen deflciency.

It was important to conduct a complex investigation of the
physiological reactions of the organism for a more complete study
of the mechanism of hypoxic damage to the cardiovascular system.
Analysis of the experimental material showed that in conditions of
oxygen starvation (at altitudes of 3000-5000 m) the systolic and
diastolic arterial pressure increases somewhat in the majority of sub- /59
Jects. In the majorlty of cases,the increase in the maximum pres-
sure 1s 2xpressed to a greater degree than that in the ‘minimum pressure,
which also causes an increase in the pulse pressure.

It is interesting to note (that in contrast to healthy persons)
in subjects with hypertension,the increase in pulse pressure during
_oxygen deficiency took place not as a result of the systolic pressure, but

~.rather as a result of a lowering of the diastolic pressure.

 In experiments on animals (dogs and cats) it has been shown that
in the case of hypoxic hypoxia, the pressure in the minor cycle increases due
tq_ -3 naz_';quing of pulmonery vessels, and thera is also an increase in
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minute volume of the heart (M.Ye.Marshak, 1961; N. V. Sanotskaya,
1961, 1962; S. A. Bernshteyn, 1966, et al.).

Denervation of the carotié: and aortic reflexogenic zones
prevents an increase in pressure in the pulmonary artery in the
case of hypoxia., Together with an increase in arterial pressure,
i1n conditions of hypoxia the pulse quickens, the frequency and
depth of respiratory.-movements are increased, the pulse wave pro-
pagation speed rises, the elasticity of the vessels increases and
the peripheral vascular resistance decreases. We consider these
functional changes to be one of the adaptive reactions of organ-
isms, having great significance for maintaining the partial pres-
sure of oxygen 1n the tissues at the optimum level.

~The results of our earlier experiments and the data in the
literature 1indlcate the independent nature of the reaction of the
organs of respiration and the cardiovascular system to oxygen
deficiency. This is expressed both i1n the unequal quickening of
the pulse and respiration, and also in the different nature of the
changes in the arterial pressure and electrocardiograms. Thus,
in en EKG taken during the development of hypoxia, the flattening of
the T spike in all recordings, as a rule, was more pronounced in
subjects with sinus tach,cardia. Individual differences in varia-
tion of pulse, respiration and arterial pressure proved to be more
pronounced at an altitude of 6000 meters (N. A. Agadzhanyan, M. I.
Vakar et al. 1960).

It was also Important to show the dependence of the reactions
of the cardiovascular system on the oxygenation of the arterial 60
biood, i.e., on the degree of hypoxia. Table 12 shows the results ~
of observations of the change in blood oxygenation of subjects at
different altitudes (before the altitude chamber "ascent" the blood
oxygenation of the subjects was 94-96%).

51




TABLE 12. CHANGES OF THE SATURATION OF THE BLOOD
*  BY OXYGEN AT VARIOUS ALTITUDES

(Data of N.‘A. Agadzhanyan, M. I. Vakar et al., 1960).
e AR e ey s e NN O v e e . i m——a ._A...-._.ﬂl
Oxygen content of Oxygen content of
. blood (%) at . altitude ;
subjeet |- Subjo(':t ) _l{lood (%) at altitade

3000 M | 5000 M | 600D »¢ 3000 » | 5000 M | 6000 ax

Kov | %0-90)77—83] 70-72|| ‘G-ov |87-89]70—72
Roy {78—80{70~72] — Ch-dv gljg%-ﬁ
R-ov |8C -83|68~74] — R-ov 185-.900 6872
An 18800 80~82) 58—70|| Neov |80-90]72—78| —
Kov | 7678 16668 | 58681 veov [90—92{75-83 |62—75

Bn  [89-00/76—83| 62- 76| Kb-ov |75—821G0—64 |48 —5
Sov {90-92[82—87] 66--74 muzsi$7$_$ m—ﬂ
An  |77-78/68-78( — Kbhov 9092|6068 —

Sov |90—92:62 .70 - " Khov |8i—86}66—70 | —

From Table 12 it is obvious that the degree of oxygenation of
the blood decreases in all subjects during an altitude chamber ascent
to 3000, 5000 and 6000 meters, the decreamse being the greater, the
higher the altitude. An increase in hypoxic changes on the EKG

and more pronounced shifts in the arterial pressure together
with the progressive decrease in blood oxygenation are noted. The

development of compensatory reactions on the part of the cardio-
vascular system and respiration 1s already observed,with a decrease
in blood oxygenation by 3-5%. However the amount of blood oxygena-
tion in the subjects fluctuates over a wide range at the

same altitude. At altitudes of 5000-6000 meters the lowest value

of blood oxygenation was noted in subject Kh-ov, who possessed low
resistance to hypoxia. During ascents to altitudes of 5000-6000
meters the general condition of this subject sharply deterlorated
which was manifested in heavy perspiration, paleness, slowed reac-
tions and etc. This makes 1t possible to conclude that subject
Kh-ov's low resistance to oxygen starvation was the result of an
insufficient development of compensatory reactions. However, it is /61
necessary to bear in mind that in certain persons pronounced mani-
festations of hypoxia may develop at an altitude of 5000 meters even
with a sufficiently lLigh level of oxygenation of the arterial blood.

The latter, probably, is connnected with a high individual
sensitivity to oxygen starvation. In experiments simulating a loss
of cabln pressure, it was shown that the first symptoms of dis-
orders in psychic activity appear with a decrease in the oxygenation

of the arterial blood to 64%, on the aversge, and unconsciousness
begins with a blood saturation equal to 5é-62% (Hemingway, 1944;

Hoffman, Clark, Brown, 1946).
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In the case of acute hypoxlaya dependence between blood oxygen-
atlon, EEG changes and behavioral reactions werealso established
(N. A. Agadzhanyan, I. Dvorzhak et al. 1971).

Likewise with an identical degree of blood oxygenation, changes in
electrocardiograms and shifts in the arterial pressure are
expressed to the same degree neither in different subjects nor in
the same subject during different periods of his stay at
a speciflc altitude. Individual fluctuations in the levels of
blood oxygenation during hypoxia evidently result from
the fact that the respiratory and cardiovascular compensatory
reactions of the organism are expressed unequally in the subject.
In the case of determinations of the time to unconsciousness at
an. altitude of 7500 meters the blood oxygenation fluctuated over
the range from 76-82 to 58-70% (N. A. Agadzhanyen, G. A. Davydov, 1967).

The fluctuations 1n blood oxygenation in one in the same sub-
Ject during different periods of his stay at high altitudes, which
were discovered in our investigations, can probably be explained
by the fact that in the first minutes spent at high altitude a
sufficiently high blood oxygenation is provided for a certain time
as a result of compensatory readjustment of respiration and cir-
culation. Later, the percentage of oxygen in the blood, which is
stabilized according to the degree of adaptation, is gradually
decreased according to the degree of suppression of compensatory
mechanisms.

In experiments with conversion to breathing pure oxygen at
altitudes of 5000, 6000 and 7500 meters it 1s noted that the blood
oxygenation in these conditlons increases to the original values. /62
In this case normalization of the functions of respiration and the
cardiovascular system 1s always observed. Only by analyzing the
EKG is it possible to discern deviations from the norm: deflection
of the electric axis of the heart to the left by 5-8 degrees as a
result of development of altitude meteorism, leading to a change
in the anatomical position of the heart.

It is necessary to teke into account the fact thet hypoxia, depending on
the functional state of the central regulatory meghanisms, in some
cases causes a reflex contraction of the peripheral vessels, and
in other cases,as a result of the decreased oxygen pressure in
the tissues, causes vascular expansion. Under rarefied atmospheric conditions
elevated blood pressure as well as lntensified breathing and increased
frequency of cardiac contractions set in as a result of an elevated tone of
the respiratory and vescular motor centers and are simed at adspting the organism
to oxygen starvation. However, it must be assumed that the tone of the vascular




"motor and respiratory centers cannot remain elevated for an extended

period of time with oxygen deficlency, and in persons with a low
resistance to hypoxla,disturbances of the regulatory mechanism
may arise, which are correspondingly reflected on the respiration
and functioning of the cardlovascular system.

Different means of protecting the organism are used in order
to prevent the above-mentioned disturbances. At altitudes not
exceeding 12,000 meters, a satisfactor solution of the problem
of combating oxygen starvation 1s provided by the use of devices,. .
with_a contlnuous oxygen supply, and also by the use of -
devices of the "demand oxygen apparatus" type. With the
increase in thz altitude tolerancé of aircraft it became necessary
to development other methods, in particular the combined use of
air tight cabins, full pressure sults and oxygen equipment, provi-
ding oxygen for breathing at high pressure.

" The problem of the blood oxygenation of & man staying
in conditlions of a rarefied atmosphere has been dealt with quite
extensively in domestic and foreign literature. The majority of
these studies were conducted at altitudes of 3000-12,000 m with
1.2 subject breathing air or oxygen at the pressure of the surround-
ing atmosphere.

The results of the investlgatlions enabled the authors to com-- /63

plle speclal tables of the percentage of oxygen in the blood at
different altitudes (G.G. Gazenko, Ye.Ya. Shepelev, 1953; G. Altukhov
et al, 1954). There is little information on the change in blood
oxygenation in high-altitude conditions in the case of pressure breathing.

We conducted a special series of investigations for the pur-
pose of studying blood oxygenation with the use of high-altitude
clothing and with pressure breathing. The initlal value of blood
oxygenation was taken to r~ 100%, since the subject breathed pure
oxygen during the entire ciperiment. Moreover in addition, varila-
tion in the frequency In amplitude of respiratory movements and
chest circumference, the pressure, exerted on the body by the pres-
surized sult in the region of the middle and lower part of the chest
and the lung ventilation were determined. In all,42 investigations
at altitudes up to 30,000 meters were conducted with the use of
ordinary and improved models of high-altitude special equipment.

The values of the blood oxygenation at different altitudes

with the use of commercial and experimental pressure sults are
given 1in Table 13.
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The basic factor inlluencing the depgree of blood oxygenation
is the height of ascent. However, the oxygen content in the blood
most notleclbly decreased in the case of an ascent to altitudes from
12000-~15000 meters, since it is precisely at these altitudes that
switching from breathing under the pressure of
the surrounding atmosphere to breathing under increased pressure
in the lungs takes place. A further increase in altitude with the
total pressure under the helmet kept at 145 mm Hg 1s reflected

ruch less in the levellof blood oxygenation.

At an altitudé of 15000 meters thé oxygen content in the blood
is, on the average, 90%, and at an altitude of 20000 meters and
more 1t fluctuates at around 89%.

The data on the oxygen content in the blood at altlitudes of
20000 meters higher and with the Use of commercial pressure suits are close
to the data obtained by A. u. Kuzetsov (1959) et al. The results of
the investiigation showed that the level of blood oxygenation is
determined by, in addition to altitude, individual pecularities of
the subje.. and the characteristics of the pressure suit. With the 164
use of ordinary pressure suits at altitudes of 15000-20000 meters
and more this value fluctuates between 84-80%, decreasing to T1-T4%
in isolated cases, while with the use of improved pressure sults
at the same altitudes the oxygen content is 90-89% and only decreases
to 82-81% in certain cases.

It 1is known that the most essential and urgent reaction of the
organism to hypoxia is intensification of lung ventilation, which
is provided by intensifying the impulse activity of the inspira-
tory neurons of the respiratory center and by a corresponding /65
influence on the muscles (A. M. Kulik, 1967). Intensification of
pulmonary ventilation is already observed at an altitude of 1000-
1200 meters, i.e., with a decrease 1in the pAO2 90=93 mm hg. The

maximum increase in the respiratory minute volume takes place at
an altidue of 7000 m (Gray, 1950; A. V. Beregovkin et al, 1963).

A number of other auxiliary reactions of the organism to aerohypo-
xia are aimed at increasing the oxygen supply to the tissues as a
result of increasing the frequency of cardiac contractions, the
systollic volume, the linear speed of blood flow, change in the
vascular tone and blood oxygenation (Haldane, Priestly, 1935;

A. P. Apollonov, 1953; Z. I. Barbashova, 1960; N. A. Agadzhanyn,
1968 et al).




TABIE 13:CHANGES IN THE QXYGEN CONTENT OF THE BLOOD DURING
BREATHING OF OXYGEN UNDER INCREASED PRESSURE A’I‘
f ALTITUDES 15000, 20000, and 30000 m -
(data. of N. A. Agadzhanyan, M. I Vakar et al., IL95‘2_,._

The volume of oxyhemoglobin in blood (in %) by altitude

5000 M 20000 M 0000 M
i
Subject “Earth '’ | Experi) commd Experd commd Experk “Earth"”
before menu* ercial | mental| ercial | mental ::::. T after
ascent | Prest. | press| press.| press. | press. | press | descent
it suit. suit suit | suit suit

oV 1G. 95 - 95 86 94 - a7
X 100 1 82 84 — b33 — o1
A-n 100 8/ 80 8H 75 81 74 99
“ 100 G’ §2 89 80 95 75 7
o I 92 | 83 88 80 87 74 a6
R-ov 10 88 82 §7 §2 50 78 04
M-ox 100 92 P82 | 88 80 1 s | 81 100
o 100 91 87 492 54 G7 87 100
“ 100 92 85 88 82 9% 54 100
K-ov 100 94 a0 94 92 92 S -—
» .0 85 81 84 78 a0 89 94
A-n 100 6 &0 83 79 86 76 R4
100 895 80 92 &0 a7 52 100
R-ov 100 92 81 92 84 92 §6 @)
M-ov 100 95 86 95 87 95 89 —
104) — 48 90 85 91 80 100
K-ev 100 97 90 95 a0 -— —_ 100
“ 100 - 90 87 51 87 68 —
“ ) — | 84 - 77 88 71 a5
* 100 92 86 91 81 8‘8 _7_4 100
Gov 100 64 7 — — 82 | 76 -—

100 | 9 1 s | 89 | s2u| s91) s 1
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DaLa are avallable concerning the mechanisms of hypoxic
changes in body temperature (K. P. Ivanov, 1968), and in oxygen
pressure in the brain (Ye A. Kovalenko, 1966) the skeletal muscle
(N. V. Sanotskaya, 1961) and other tissues of the organism.

We conducted a complex investigation of a number of functions
in intact and narcotized animals under the effect of increasing
hypoxia and a study of the correlation ratios (N. A. Agadzhanyan,
Yu. V. Shevchenko, 1970).

The experiments were conducted on white rats weighing 180~
250 grams each in a 250-liter altitude chamber. De-
compression in the chamber was performed at a rate of 25 m/sec to
an altitude of 12000 m. The survival time was the criterion of
endurance to acute hypoxia.

We recorded the respiration and pulse rates, the rectal
temperature and the relative oxygen content in the muscles of the
rear extremities of the rats by the polarographic method.

Two series of experiments were conducted on 286 animals. The
experiments of the first series were conducted on intact animals,
and of the second serles - on animals, narcotized with Nembutal.
In each series of experiments there were animals with thelr extre-
mitles fixed to a special stand and animals with freely moving
extremities.

Table 14 and Fig. 7 show data on the survival of rats in alti-
tude of 12000 meters under the effect of increasing hypoxia.

In the first series of experiments the survival of the fixed
animals was two times less than that of the free animals, which,
evidently, 1s connected with the condition of increased muscular
tension, under which the oxygen consumptlon of the organism is
significantly increased (H., McIlwain, 1962). Moreover, it is also
impossible to ignore the negative influence of the pain factor on

survival.
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Fig. 7 Histogram of the Survival of White Rats with
Increasing Hypoxia

Narcosls, excluding motor activity and pain stimulation,
significantly increased the altitude resistance in immobilized enimals
(17.2 + 1.4 minutes), not reaching, however, the survival time
of free animals. This, possibly, is explained by the disturbance
of the blood flow and hampering of breathing with fixation.

The dynamics of the function were recorded for the immobblized
intact and narcotized enimals. Fig. 8 shows the results obteined in
one of the experiments on an intact animal. A two-phase emplifi-
cation of the respiration and pulse rate (A and B) was noted in
the experiment with a subsequent reduction of these indicators and
a lowering of the rectal temperature. The oxygen content in the
muscle begins to decrease at an altitude of 1000 meters.

As follows from Fig. 8, the beginning of the lowering of the
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rectal temperature, and the peaks A and B of the respiration and /67
pulse rates are observed during the development of the first phase
of changes 1in the po2 in the 1.uscle. Peak A of the respiration

and pulse rates (altitude 2800-3700 m) most probably was caused

by neuro-reflex influences, caused by the high sensitivity of the
chemoreceptors of the sino-carotid and aortic regions to the effect
of oxygen deficiency. This hypotheslis is confirmed by experiments
in which hyperventilation in narcotized rats, which reached 135%

of the original level, was already observed after U4 respiratory
volumes of a mixture containing 10% oxygen. After cutting the
carotid bodles the rats did not react to hypoxla (Colinet-Lagncaux
et al. 1967). The decrease in the po2 in the muscular tissue at

this stage 1s evidently caused @ by the redistribution of the blood
flow for the purpose of centralizing the circulation, which is
achieved by vasoconstriction in the muscles and vasodilation in the
brain and cardiac muscle.

TABLE 14. SURVIVABILITY OF WHITE RATS UNDER INCREASING
HYPOXIA

T SERIES OF CONDITIONS OF | SURVIVABILITY] NO. OF ANIMALS
EXPERIMENTS EXPERIMENT MINUTES
L Intact zats Immobilized é%%x"ﬁ {ég
Free .‘ :".'l_’;
II.Naﬁggsized Immobilized 17.2:+1,4 30
Free 27423 31

The secondary amplification of respiration and pulse (Peak B
at altitudes of 6300-8000 m) is probably connected with the direct
influence of oxygen deficiency in the blood on the tissues of the
brain together with continuing neure~reflex influences. An atmos-
pheric rarefaction corresponding to an altitude of 8000 m
is evidently critical, since subsequent decompression causes & progressive
decrease in the respiracion rate, cardiac contractions and pO2 in

the muscles. The mechanism of the development of this phase remains
unclear, but, possibly, it is connected with a decrease in the
oxygen requirement of the brain, which 1s observed with a decrease
in the pO2 in the venous blood to 24-26 mm Hg (N. K. Kalinina, Yu

S. Alyukhin, 1969).

Hypothermy in rats in the case of hypoxia 1s a charactziloiic
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reaction and arises as a result of the increased heat exchange of

the organism and the suppressicn of chemical temperature regula-
tion (K. F. Ivanov, 1968).

In addition to the explanations given it is also impossible
to exclude other intimate physiological mechanisms, in particular
the role of neuro-humoral-stress reactions, participating in the

fogm?tion of adaptive reactions to oxygen deficiency (I. R. Petrov,
1967).

G0 - 0,
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-
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Norm ! Altitude, km | Plateau

Figure 8. The character of changes in the respiratory frequency,
pulse, rectal temperature (in absolute values) and pO2 of mice
(in relative values) for increasing hypoxia,
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Thus, the results of the Investigations made it possible to
establish gualitative characteristics in the case of the action of

acute hypoxla and the correlation between physlologlcal reactions
during different functional states.

As we have already indicated, after the discovery of the chemo-
receptors, located in the carotid and aortic reflexogenic zones,
there appear a great number of experimental data testifying to their
specialized reaction to variation in the partial pressure of oxygen.
This speciallized functional property of the sino-carotiyg sinuses
is also the result cf their specific structural features, in partl-
cular, the very abundant blood supply of the chemoreceptor cells.

The experimental studies by Daly and colleagues (1954) indi-
cated that the level of the oxygen requirement of the carotid
body 1s approximately 4 times greater than the oxygen requirement
of the upper cervical ganglion and two times greater than the
brain tissue (Kety, Schmidt, 1945). The thick interweaving of
vessels in the carotid body forms an "extraordinary network" of arter-

121 venous anastomoses., Direct determination of the bulk speed of
the blood flow and the oxygen requirement of the carotid tilssue
made 1t possible to reveal the distinguishing features of its
oxygen supply 1n comparison with other structures of the organlsm.

The bulk speed »° the blood through the bodies 1s 2000 ml per
100 g per minute; thr :gh the brain, through the heart mus-
cle, 64 - 151 ml; through the thyroid gland, 560 ml. The oxygen
requirement of the c¢urotid bPpody tissue in the cat, according to
the data of Daly and colleagues, 1s 9 ml per 100 g per minute. In
this case,on the average, 38 mm> of blood flows through the carotid
body in a course of a minute. The exceptionally high rates of
oxygen demand by the carotid body obtained by these authors (9 ml
per minute per 100 g of tissue) were later subjected to a careful
experimental verificution witih the use of more modern and still
more sensitive methods of investlgation.

Perfusing the carotid bodies of cats through the common
carotid artery, Fay (1970) showed that the oxygen requirement
of the body is only 1.5 ml per minute per 100 g of tissue, 1.e.,
20% of the value obtained by Daly and colleagues(Table 15). From />
the data given in Table 15 1t is obvious that the values of the
oxygen requirement of the cat carotid body in vitro, obtalned by
Fay (1970) and Leitner and Lianbet (1971) are very close (respec-
tively, 0.030 and 0,027 microliters per minute), but significantly
less than those obtained by Daly and colleagues (1954) and by
Purves (1970).



TABLE 15. THE OXYGEN REQUIREMENTS FOR CAROTID BODY OF
OF CAT IN VITRO
(ACCORDING TG TATA FROM VARIOUS AUTHORS)

“TrUaly, Lam=
bertsen, Leltner

Purves Fay ’
Schweitzer (1970)] (1970) Lianbet

(1954) (1971)
Dry weight of carotid 400 ‘nearly Ly
body, ug. 400
p0,, mm Hg. 90 95-103] 140-200 680
Oxygen requirement 0.18 0.128 0.030 0.27

(VO2 in ul per
min). r

Further studies were almed at investigating the intimate
physiological mechanisms of the effects of oxygen insufficlency
on the chemoreceptors. It was shown that in the case of hypoxia
both the carotid and the aortic reflexogenic zones participate
in the compensatory respiratory reaction, but the significance of
the carotid . sinuses is especially great (L. I. Ardashnikova, L. L.
Shik, 1948; Grant, 1951). Although there is a specific connection
between the oxygen pressure in the arterial blood and oxygen con-
tent In it, which 1s expressed 1in the oxyhemoglobin dissoclation
curve, the question of what 1s the stimulus of the above-mentioned
chemoreceptors - change in the oxygen content or pressure in
the arterial blood - remained open for a long time.

It is known that the oxygen content and pressure in the arter-
ial blood vary differently with different forms of hypoxia. 1In
the case of hypoxic hypoxia there 1s a decrease in both the partial
pressure and in the oxygen content in the arterial blood; 1n the
case of anemic hypoxia, and also in the case of polsoning with
toxic substances, (for example, carbon monoxide) the oxygen conteat
in the arterial blood decreaces, desplte a normal oxygen pressure /71
in the alveolar air.

The excitation of the chemoreceptors of the carotid zones
observed in conditions of hypoxic hypoxia 1s caused by a drop 1n
the partial pressure of the oxygen 1in the arterial blood. In the
opinion of M. Ye. Marshak (1961),a change in the oxygen content
in the arterial blood does not influence the chemoreceptors of
the carotid zones. These results contradict the data of Landgren
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and Neil {1951).

The investigations of numerous authors have established that
the sensitivity of the chemoreceptors to changes in the oxygen
pressure in the arterlal blood is very great.

In the experiments of Alvarez-Buya (1953),1t .s shown that
even with an Insignificant change in the oxygen pressure in the
arterial blood, causing a decrease 1n the hemoglobin saturation
of only 1-2%, an intensification of electrical activity in the
sinus nerve is observed.

In the opinion of A. N. Kulik (1967), the threshold stimula-
tion of the respiratory center is not identical in different per-
sons. Stimulation of the chemoreceptors in conditions of a rarefied
atmosphere elicits a refiex increase in the pulmonary ventilation,
which in turn p* wmotes an excess washing of carbon ¢éioxide from
the organism, and counters the intensification of the breathing.

It is known that the intensification of pulmonary ventilation
in the case of hypoxia is malnly the result of a reflex from the
sino-carotid and cardiocaortic chemoreceptors in response to a
drop in the oxygen pressure in the arterial blood. The carotid
gland is = of prime significance here., By cutting out (denervating)
the sino-carotlid zones the ventilator reaction to hypoxia either
completely disappears . or is delayed and exists at a lower level.
It 1s shown that the nature of respiration depends on the type of
animal and the duration of the effects of hypoxia (L. I. Ardash-
nikova, 1952, 1959). Experiments on rabbits with the carotid
bodies removed established the absence of a ventilator reaction
in them in the case of a gradual decrease in the pO2 in the alr.

In denervated dogs acute hypoxia (inhalation of nitrogen) also did

not cause reflex intensification of respiration; however, In con-

trast to the reaction of the rabbits with a slow lncrease in hypoxia,
dogs . with denervated sino-carotid chemoveceptors experienced

an increase in pulmonary ventilatlon, although 1t was less pro- /72
nounced than that of intact animals.

The author comes to the conclusion that the single mechanism,
providing for the rapidly beginning compensatory increase in pul-
monary ventilation during a decremse in the partial pres-
sute of oxygen is the chemoreceptors. Conditioned-reflex con-
nections, producing a respiratory and circulatory reaction for
adaptation to and compensation for oxygen deficiency in the inhaled
ailr,are not established after the operatlon.

Without dealing wlth the different theories put forward to

63

P N P R g B L g A A - vty -~ E R e Bt -



< Texplainm th.e mechaniam of the excitatio. of chemoreceptors under
the influence of changes in the poa, pCO2 and pH of the blood,

u we will mention only the very important fact that the receptor
.cells of the - carotid body are excited when the decomposition of
"ATP in its tissue predominates over 1its resynthesis. In this

o light,impulsation from the chemoreceptors acquires. the meaning of

a signal glving warning of threatened overexpenditure of the energy
resources of the tissues..! Although the  carotid chemoreceptors'
possess exceptionally high sensitivity, the carotid bodies are

‘ far from being the only carriers of internal chemical reception in the
organism. The network of peripheral vessels. is rich in chemorecep-

. tors which are greatly similar to the carotid and aortic chemo-

" receptors; however, in connection with their great latent period
and ‘low excitability these peripheral chemoreceptors,probably,

: participate in the regulation of primarily local processes. The

‘peripheral chemoreceptor mechanism, evidently, is the more ancient
and represents a homologue of the "gas analyzer" of the environment
in aquatic animals, although, in the opinion of S. V. Anichkov and
‘M. L. Belen'kly (1962), the high sensitivity of the carotid bodies
of mammals.iin-comparison with t''e homologues of amphibia, for example
seemingly contradicts the theory of the ancient origin of the chemoreceptors
of the carotid zone.

A large number of studles, performed on denervated animals,
is dedicated to the investigation of the role of the slno-carotid
receptors in the reactions of individual physiological systems of
the organism, primarlly the respiratory system. We established a
correlation between changes in the different functional systems
during both the brief and prolonged action of oxygen deficiency )

.upon the organism of animals with denervated sino-carotid chemo-
receptors. Several series of experiments were conducted for this
purpose.

The first series of experiments were performed on white rats.
Bilateral disconnection of the slno-carotid zones was performed
under Nembutal narcosis by means of a careful treatment of the
region of the bifurcation of the carotid artery with a 10% phenol
solution (E. A. Konza, 1970). Intact animals were sublected to
operative intervention with the exposure of the carotid arteries,
without treating with phenol.

Hypoxlic hypoxia was produced by raising the animals in a low
pressure chamber to an altitude of 12000 m at a rate of 25 m/sec.
During the entire ascent of the fixed animals a complex recording
was made of the cardiac activity (EKG), respiration, rectal tem-
perature and oxygen pressure in the femoral muscle. The results
obtained were analyzed by means of variation statistics.
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f: ,In theae 1nvestigations (N . A. Asldzhanyan, N. A. Usakova, ’

T70). 1t 18 shown that during an ascent to an altitude of =~ =

12000 meters the frequency of respiration quite significantly
“-increases both in intact and . ' in denervated rats, which agrees with

. _the data of other authors. Differences in the reaction of the
,wgrespirator ystem of intaét and denervated rats were observed in the

zones of slight and moderate hypoxia. under extreme degrees of

.- atmospheric rarefaction (at altitudes greater than 8000 m) the role

_..-of reflex regulation of the physiological functions,.probably,

.: disappears, This 1s confirmed by the 1dentical degree of sup-
x?pression of respiration in denervated and intact rats. The general

. nature of the change in the frequency of cardiac contractions was
'analogous to the nature of the changes in respiration. These data
‘correlate with the result of an investigation of oxygen pressure
in the femoral muacle. The decrease in the po2 in the muscle in

danervated rats took plaee more rapidly than in the intact animals.

. Thus, 1t was dhown, that with a rapid decrease in the oxygen
content in the Inhaled air in the case of rats with denervated
‘"sino-carotid chemoreceptors,the reaction of the respiratory system
48 delayed and exists at a lower level than in the case of intact
animals. This leads to a more pronounced hypoxia of the tissues.
The chemoreceptors of the sino-carptid zone do not significantly
participate in the regulation of the reactions of the cardiovas-
cular system to rapidly increasing hypoxia.

The rectal temperature, which was 0.60° and 0.43° less at an
altitude of 12000 meters, gradually decreased in proportion to the
increase in hypoxla of the intact and denervated animals. This
agrees with the data of L. L. Shik (1948), Ye. V. Gubler, (1952),
N. A. Agadzhanyan(1968), K. P. Ivanov (1968), It is known that
the temperature control center, located in the hypothalanus, pos-
sesseshigh sensitivity to hypoxia, as a result of which oxygen
deficlency in the inhaled air leads to the suppression of chemical
temperature regulation. In the opinion of N. N. Sirotinin (1941)
et al. in the case of rats,hypothermia may be a protective reaction
of the organism to a low oxygen content in the inhaled air. Insuf-
ficient study has been given to the problem of the role of the
‘receptors of the sino-carotid zone in the regulation o. the heat
exchange of the animal organism. G. N. Veselkin and Ye. S. Zykina-
Garmenitskaya (1957), in experiments on rabbits with the carotid
bodies removed, established that the sino-carotid zones pley a signi- .
ficant role in the reflex mechanism of the development of a fever reaction
with the introduction of a pyrogenic substance into the organism,

[TH

In order to expose the role of the sino-carotid zones in animals
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with different. levels of acclimatization to hypoxia and to obtain

comparitive data in second serles were conducted in high.mountain

conditions (the Tuya-Ashu Pacs,altitude 3200 m) on rabbits and rats,

.g::us?t‘rrom MoscoWTCsea.level5 and marmots (native to the moun-
ns). :

. The operation of glomectomy was performed under the stereo-
miscroscope. It consisted of the simultaneous bilateral removal
of the carotid body and its surrounding adventitia from the region
of bifurcation of the common carotid artery (A./I. Yelfimov, 1971).

The survival time at an altitude of 12000 meters (with an al-
titude chamber ascent at a rate of 25 m/sec) was determined as a
test characterlzing the dynamics of the acclimatization of differ-
ent types of anlimals to a high mountain climate,

Investigations were conducted on 30 rabbits, 120 rats and 29
marmots. In all,179 animals were subjected to 201 tests.

Data on the altitude resistance of intact and denervated rats
on different days of mountain acclimatization are presented in
Table 16 and Fig. 9.

From Table 16 it is obvious that a reliable increase in the
altitude resistance of intact and denervated rats began only after
30-40 days of mountain acclimatization, It 1s necessary to note
that the survival time in the altitude chambei at 12000 meters on
a.1 the indicated days of acclimatization was statistlically higher
(P less than 0.05) in the case of intact rats than in the case of
rats with the sino-carotid bodies removed.
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Fig. 9 Altitude resistance 4 !
(survival time in minutes at -§
12000 meters) of intact (1) 87
and denervated (2) rats at 890
various days of mountain . -
acclimatization. Confidence «®] 2
interval calculated for P=0,05. 5&
(-4
ART
O s sar 30-40

Days

TABLE 16. SURVIVAL TIME (in seconds) OF ANIMALS AT AN ALTITUDE OF 12,000 m
FOR VARIOUS DAYS OF ACCLIMATIZATION IN THE MAUNTAINS
(Experiments of A. I. Yelfimov)

_.Intact rats " | Denervated rats . |
- ‘ Days ‘of acclimutization
Statistical ~ ,
Tudicator (T ~ "]' - ~ LI: gl
: ~ldlels | lil]le]|s
n 9| 43| 17 ] 12 10t 27 | 27 6
M 530 | 582 | 673 | 820 |- 260 ! 311 | 367 | 435
£m £31 [£30 [470 (78 | +38 |£36 (+26 |+41
P = |>005>005| <001 — 50,05/<0,05<0,01

1 The reliability P is calculated in relation to the data for the

1l - 3 days

Analogous data are obtained in experiments on rabbits (Table
17).
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" Days:-

1001

D Intact

After glomectomy

Fig. 10 Altitude resistance
(in seconds) of rats (1), rab-
bits (2) and mammots . (3) on
the 25th day of mountaln accli-
matization

From the data given it 1s
obvious that a reliable (P less
than 0.05) increase in altitude
resistance 1s noted for intact
rabblits toward the thirtieth
day of mountain acclimatization.
In the animals which have been
operated on the survival time
sharply decreases on the 15-30tH

ays. The altitude resis-

ance of intact rabbits in the
acclimatization periods men-
tioned 1is significantly increaseq

" (P. less than 0.5) in com-

parison with the animals which
have been operated on.

Different results are ob-
tained in experiments on mar-
mots. (Marmota caudata)
which constantly inhabit the
given mountain region (the
Tuya-Ashu Pass). It was estan-
lished  that 1if the survival
time of intact marmots. in
the case of an ascent to an
altitude of 12000 m was 780
seconds, then on the 25th day
after glomectomy it increased
to 1280 seconds (Fig. 10).

These results, in the first
place, indicate that in the
case of mountain natives (mar-
mots'’) the altitude resistance
is higher than that of animals
brought from sea level (rabbits,
rats), and, in the second place,
the removal of the sino-carotid
bodies causes orposite changes
in these animals. Thus, if the
altitude resistance of rabbits
and rats after denervation of
sino-carotid chemoreceptors 1is
decreased, then, as we have
already mentioned, in marmots,
i¥ on the contrary is increased.
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In order to explain certain intimate mechanisms of the adapta-
tion of different types of animals to a high mouitain climate the
dynamics of the change in certain factors in the blood were
investiagated in addition to the determination of the altitude

resistance.

T oo 2008, 1 - 1 A\ 1
phon’ - 5-7 15-17 25 30 75

Days

Fig. 11 Nature of the change in the number of erythrocytes in
rabbits (1) and marmot® (2) on different days of mountain accli-
matization (Tuya-Ashu Pass, altitude 3200 m).

a - intact animals; b - after glomectomy

Figure 11 shows the dynamics of the change in the number of
erythrocytes in rabbits and marmots on different days of moun-
tain acclimatization (experiments of A. I. Yelfimov and Ye. M.

Bebinov).
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TABLE 1]..HIGH-ALTITUDE RESISTANCE (TIME OF SURVIVAL IN SECONDS
AT AN ALTITUDE OF 12,000 m) IN RABBITS IN DIFFERENT PERIODS
OF MOUNTAIN ACCLIMATIZATION.

. _Control Glomectomy .

Stetistiééli Back- | 15-17 1517 v a
Indieator |ground| aws | ° ™| 4w i
15 10 11 8 6
l"M 220 313 4;3 _*'?g -32
20 422 + +
:'F-"m i— : >0.05 <0,05 < 0,05 <005

From the data given it is obvious that as in the case of
the investigation of the altitude resistance, changes on the part /18
of the erythrocytes of denervated rabbits and marmots are in
opposite directions, i.e. the number of erythrocytes after glomec-
tomy in rabbits significantly increases (more than in the case of
intact animals) and, on the other hand, in the case of marmots
it decreases.

The experimental data obtained reveal several characteristics
of the adaptation to hypoxia of different species of animals. The
further study of the physiological mechanisms of the adaptation
of an organlsm to oxygen deficiency provides the possibility of
controlling compensatory reactions, and consequently, of finding
ways to increase the resistance of the organism to hypoxia.

4., THE INFLUENCE OF HYPOXIA ON CONDITIONED REFLEXES AND THE
BIOELECTRIC ACTIVITY OF THE BRAIN

Although a large number of fundamental investigations have
been dedicated to the study of the inflnence.of oxygen insufficiency on
the organism, our knowledge about this problem is far from complete.
Thus, while the adaptive reactions, directed toward maintaining
constant partial pressure of gases in the blood and towards increas-
ing the oxygen utilization by the tissues have been well studied,
we know little about the complex readjustment, arising under the
affects of hypoxia, of the activity of the different functional
systems of the organism and the mechanisms of their disturbances,
expeclally of the functions of the higher sections of the brain.

It has been shown that the higher sections of the central
nervous system are particularly sensitive to oxygen deficiency
and endure complete absence of oxygen only a few minutes (V. V.
Strel'tsov, 1939, L. A. Orbeli, 1940, I. R. Petrov, 1949),
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The numerous investigations of domestic and foreign authors
which have been conducted in recent years have significantly
broadened our understanding of the changes in the activity of the
central nervous system under the effects of hypoxia.

The conditioned reflex method was used for studying the
influence of oxygen starvation o. the higher nervous activity of
animals. The first changes in conditioned feeding reflexes were
observed at altitudes of 1000-3000 m (shortening of the latent £19-
period, increase in the magnlitude of conditioned reflexes and
unconditioned salivation), and, as a rule, phase states were noted
in the animals at higher elevations (4000-6000 m) and, finally at
altitudes of 6000-7000 m conditioned reflex feeding reactions com-
pletely disappeared (A. V. Lifshits, 1949; V. N. Zvorykin, 1951;

M. P. Brestkin, 1952; Malmejac, Plane, 1952; V. A. Isabayava, 19543
G. V. Altukhov, 1955, et al.) The authors explained these changes
in conditioned reflex activity by the disturbance of the processes
of internal inhibition. . at the beginning, and subsequently, by

the development of threshold inhibition.

We studied the higher nervous activity in conditions of a
rarefied atmosphere by means of conditioned motor (defense)reflexes.

Considering the enormous biological role of the conditioned
reflex in the "most precise and delicate" adaptations of the organism
to environmental conditions and knowlng that the speed of develop-
ing and strengthening a conditioned reflex is an important indica-
tor of the adaptabllity of an animal to specific conditions, we
not only studied the systematic operation of the cerebral hemis-
pheres and the condition of the different types of internal inhi-
bition in conditions of a rarefied atmosphere, but also directly
studied the characteristics of the formation of temporary connec-
tions with the action of oxygen deficiency on the organism.

In order to solve the problems put forth in this section of
the study we used a method allowing for simultaneous recording
of the conditioned reflexes, respiration and cardiac activity
under altitude chamber conditions in experiments on dogs, and also for an
electroencephalogram to be weken in experiments on rabbits.

The altitude chamber was equipped with the necessary apparatus
for conditioned motor and secretory reflex tests. Conditioned
stimuli ywere placed inside the chamber and were turned on from a
control. panel located outside the altitude chamber. Figure 12
shows a diagram of the setup for testing reflexes and the control
panel.
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The investigations were conducted on six dogs both under terrestrial
conditions, and at different altitudes (2000-10000 m). The ascent
rate in all experiments was 15 m/sec. The conditions of performing
the tests in a rarefled atmosphere make impossible the use of the
pneumatic and mechanical systems of recording conditioned motor
reflexes which were used by V. P. Protopopov, E. A. Asratyan, G. P.
Konradi et al.in their experiments in conditions of normal baro-

metric pressure. /80
Control Panel | .
y |
®© 1
00CO6 i
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Figure 12. General scheme of the setup for investigating
conditloned reflexes.
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We used a variable resistance with a system of levers as /81
a sensor receiving the paw moments produced by the animal in
response to conditioned and unconditioned stimuli. The sensor
was attached to the right rear paw so that the axis or rotation
of the rheostat slider was at the same level as the knee joint.

We determined the amount of response motor reaction and the
force of the electric current according to the readings of the
measuring instruments and the data registered on an osclllograph,

Motor electrical-defense, conditioned reflexes were developed
according to a specific stereotype to stimuli of varying inten-
sity (bell, a tone of varying frequency and light).

In order to obtain audio frequencies, an audio oscillator
was used which made it possible to establish both the pitch and
the intenslty of the tones presented in precise quantitative unlts.

The electrocardiagram and respiration were recorded simultan-
eously with the investigation of the conditioned motor reflexes.

In all, six dogs were subjected to 419 tests, of which 93
tests. were at various altitudeés (Table 18).

TABLE 18. RESULTS OF EXPERIMENTS CARRIED OUT FOR THE STUDY OF THE
HIGHER NERVE ACTIVITY OF DOGS AT VARIOUS ALTITUDES

ARIGINAL PAGE IS
ot Puulk QUALITY

Altitude, m
: 8
Name of | Type of Nervous System ég i
8
o L IHHHHEE
smuw&hnpndoamune* 173 4117 4 7 6 1
of stimulatory processes .
i
Chostout] game 741 21— 3} 4} 4
Bostle | Birong with apredominancy 45 51 811 11 311
of inhibiting processes
Ripssom | Strong, balanced 23 1 21— | I I
Marquise| same Ti—141—-1—1—-1~
Listle Bear] Weak type 4l—=13]=-1=1=]-=
Total L3 14 S P11 13176
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As a result of the investigations it was established that
at altitudes of 2000-5000 m there is noted a certain shortening
of the latent period, an increase in the magnitude of the condi-
tioned reflexes to all stimuli and-in individual cases - even
loss of differentiation.

In one dog (Beetle) at an altitude of 5000 m there was observed
in the first half of the experiment a lengthening of the
latent period and disturbance of the force relationships accord-
ing to the compensating hypnotic phase pattern. The different
plcture of the changes in the corditioned motor reflexes of the
various dogs with all conditions being equal indicates, in the A82
first place, the significance of the typological characteristics
of the nervous system of animals in development of oxygen star-
vation; in the seond place it indicates that an altitude of 5000 m
is the boundary altitude, at which the organism is on the line
between the physiologlcal and pathophysiologlical states.

These experiments show that a 45 minute stay of the animals
at aititudes of 2000=-5000 m does not cause severe damage to the
higher nervous activity, which must be connected with the devel-
opment in these conditions of sufficiently effective compensatory
reactions, above all on the part of the respiretion and cardio-
vascular system, enabling the animals to adapt to these altitudes.

As far as the equilibrium of the basic cortical processes at
altitudes of 2000-5000 m is concerned, it changes toward a rela-
tive intensificatlion of the excitation process.

The results of experiments conducted at an altitude of 6000 m
indicate that in all dogs at this altitude there is already sup-
pression of the conditioned reflex activity, expressed in a pro-
longation of the latent period, absence of reaction tc specific
stimuli (light) and distortion of force relationships (accordin
to the type of the compensa.ing and paradoxical hypnotic phases%.

With a comparison of the results obtained in our laboratory
by the secretory conditioned reflex method (G. V. Altukhov, 1955)
and data obtained on the same dogs by the conditioned motor reflex
method, it is possible to observe that in the case of an investi-
gation of the feeding reflexes,differentiation is, as a rule, lost
at an altitude of 6000 m, while during the test of a motor
stereotype at this altitude it 1s almost always preserved.

The difference observed in ldentical conditions of oxygen
starvation can, evidently, be explained by the biological characteristics
of the motor and secretory reactions.
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Conditioned motor defense reflexes are more resistant to
oxygen deficiency than are feeding reflexes.

The typological characteristics of the nervous system of the
subject animals show up clearly at an altitude of 7000 and
particularly 8000 m. At this altitude we also noted prolongation
of the latent period, an absence of reaction to specific stimuli
of the stereotype and a distortion of force relationships. 1In
addition the above mentioned disturbances were more pronounced in
dogs with predominance of the inhibiting process. The unconditioned
reaction was preserved at an altitude of 8000 m; however,it was
somewhat weakened and lagged behind the moment of application of
the electrical stimulus.

The retention of differentiation at high altitudes, evidently,
can be explained not by the increase in the tonus of internal inhi-
bition, but by the develorment of protective inhibition at these
altitudes.

I. P. Pavlov considers. the deep inhibition which develops
under the influence of unfavorable influences to be the normal
physiological defense mechanism of the organism with a pathogenic
origin, protecting the brain cells from depletion and functional
destructicn.

Such inhibition, threshold in nature and protective in value,
was observed in dogs at altitudes of 8000 vo 10000 m. The condi-
tioned reflexes to individual stimull were sharply suppressed up
to their complete disappearance. Unconditioned reflexes were also
disturbed.

At the same time that we studied the hypoxic disturbances of
the developed dynamic stereotype of conditioned motor reflexes we
also conducted investigations of extinction inhibition in the
game conditions.

I. P. Pavlov attributed great significance to the study of
extinction inhibition. He considered it to be a biologically
necessary adaptation for the economy of energy expenditure of the
nervous system. "Thanks to the inhibition which appears," wrote
I. P. Pavlov, "the conditioned stimulus as a sign:l confeorms o
the detalled conditions of its physiological role, not giving rise
to useless work."

1 I. ®. Pavlov: Poln, Sobr. Soch (Complete collected works) Volume 3,

Book II, Moscow, 1951, page 390.




The data obtained indicate that oxygen deficiency at an alti-
tude of 6000 m, while still not having significant influence on
the stimulatory process, weakens the process of active inhibition,
which was expressed in the chaovlc and undulating nature of the
extinction of reflexes.

The nature and speed of extinctlion of a conditioned motor
reflex at an altitude of 8000 m depended on the stress of the
protectlive inhibition, whereby the more intensive was the latter the
more rapidly the conditioned reaction to the stimulus being extinguishea
diseppeared.

If we analy~e the material obtained without considering the /84
conditions in which the organism of the animal is found, then at -
first glance the impression may be created that at an altitude of
8000 m active inhibition is intensified and becomes more complete.
However, this is indeed . not so. The rapid extinction of a condi-
tioned motor reaction at an altitude of 8000 m 1s not produced by an
“increase in the tone of active (extinction) inhibition, but by t%e
development, as we have already noted, of threshold protective
inhibition, which caused the weakening of both cortical processes.
Analyzing mat=rials on the problem of inhibitory stimuli, I, P.

Pavliov indicated the double functional role of the inhlbitory
process, which is manifested on the one hand 1n the most delicate
adaptation of the organism to the environment, and on the other in
the protectlion of the cortical cells from further destruction and
exhaustion. "In the case of intense inhibitory tonus of the cortex
it deepens the irhibition, as if supplementing the inhibition at

hand. :

In the process of formation of conditioned reflex:s we find very
corplex manifestations of synthetlic and analytie accivity of the
hither sections of the brain, since the physiological role of the
cortex of the cerebral hemispheres is, on the one hand, switching
(1 mechanism) and on the other, signalizing (in value). There-
fore, it is of great interest to obtain data on the possibility of
analyzing conditioned reflexes directly in conditons of oxygen
starvation (at an altitude of 6000 m).

We determined that it is, in principal, impossible to fcrm
temporary connections to audio signals in conditlons of acute
oxygen deficiency. However, it was shown that the rate at which
conditioned reflexer are formed or the ground and at an altitude
of 6000 m is differec.at (Table 19}.

The process of the formation of conditioned connections at the
indicated altitude proceeded rore slowly and with fluctuations.
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A clear relationship between the rate of development of conditioned
reflexes and the typologlical characteristic of the nervous system
of the subject animals was noted here,

The difficulty of the formation of temporary connections in
conditions of oxygen starvation undoubtedly indicates a
lowering of the functional level of the cerebral cortex of the
brain. Moreover, temporary connections developed 1n conditions
of oxygen deficiency are distinguished by their instabllity and
easy inhibition.

TARLE 1. RATE OF DEVILOPMENT IN DOGS OF CONDITIONED
ELkCTRO-DEFENSE REFLEXES

| ' On what connaation the conditioned

X reflex developed (1) and. b¥emme fixed ()
ame L & ) -
ot Type of nervous aystem On Barth AHE000 m

Dog o R
Pitate Strong, balanced 4 4 9 0
Marquise Same 3 ) N 11
Boctle Strong, inhibited 2 + 12 R
Chestnut Uninhibited 4 6 L M
Little Bean| Woak 8 12 Conditioned reflex

did not dovelop,

G. T. Sakhiulina (1949) also observed a sharp disturbance of
the switching function ~f the cerebral cortex after prolonged
pericds of anemization of the central nervous systean., Thus, our
experimentes not only established the fact of the weakening of
earlier developed and fixed conditloned connectlons, but also of
the disruption of the switching function - the developmrent of new
temporary connections in conditions of oxygen starvation.

It was 2lso shown that a conditioned reaction on the part of
respiration and cardiac activity, as a i1ule, appeared with a signi-
ficantly smaller number 'of comblnations of conditioned and uncon=-
ditioned stimuli, than a mnotor refense reaction.  LIn other vords, in development
of conditioned reflexed come gradually to the forefront
in agreement with general blological rules. In addition,changes in
respiration and cardiac activity occur in direct relation to the
Initial functional conditlons of the resplratory and vascular
motor center, Thus, I a condttloned stimulus was glven
spalnst 8 background of Infrequent breathing, then the changes, as a rule,
expressed U ~uselves in &k lherease in the frequency off respiratory wmovements,
and visa verca. Alveady in 1800 N, Ye. Vvedenskiy dirvected attention to this tact
when he gtlmulated the vagus nerve with an elecetric curvent.




Very often, especially in experiments with the extinction of
a conditioned reflex, the vegetative reaction continued to be
preserved while local conditioned and unconditioned motor reac-
tions were absent., Thls is probably = the result of the varying .
blological significance and typographlical localization of the
Etructural elements of the cortex providing for and regulating
a given reaction of the organism, but it elso depends on the
functional moblllity or the cortical processes developed iIn the
process of phylo-and ontogenesls for a more perfect adaptation of
the organism to changing environmental conditions.

At altitudes of 6000 - 8000 m conditioned reflexes of the
organs of respiration and the cardiac activity almost completely
disappear, and at altitudes of 10000 m and more there begin to be
severe disturbances of the vitally important functions of the
organisms, expressed in the appearance of periodic breathing, ,
arrhythmia of the pulse and indicating the exhaustion of the com-
pensatory capacities of the organism.

The possible use of electrophysioclogicel methods of
investigation, in particular the method of electroencephalography,
is also of great interest. It has bL=2en established that the dynam-
ics of the change in the bloelectric activity of the brain under
the effects of hypoxla pass through thiee stages: predominance of
exitation rhythms at moderate altitudes; dominance of slow wave
activity from an altitude of 8000 m and suppression of electric
activity up to complete "silencing" from an altitude of 11000 m
(0. I. Parfenova, M. N. Livanov, 1945; V. B. Malkin, A. N. Razume-
yev, G. V. Izosimov, 1963; Motobayashi, Mitarai, Ando, 1963). How-
ever, in the works of the suthors, just mentioned the biozlectrical
activity of the iraln in conditions of decreased barometric pres-
sure was investigated with the animal in a fixed position which did
not allow the relationship between changes in biopotentiels and behavorial
reactions of the animals to be determined.

The correlation between changes in the EEG and the behavior
of animals 1n conditions of increasing hypoxia was traced iIn our
1agorato v (L. V. Kalyuzhnyy, N. A. Agadzhanyan, I. N. Zakharova,
1967).

In order to explain the physiological role of the different
formations of the brain in the performance of protective compensa-
tory reactions of the organism it 1s important to study the inter-
center relationships, the regularlty and sequence of development
of changes in the biological activity of the cortex and subcortical
formations and to reveal the features which are specific for each
structure. For thls we chose the structures of the brain directiy
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participating in the formation of specific reflex behavioral acts.

The experiments were performed on rabbits with michrome
electrodes permanently implanted in the folilowing structures: the
visual zone of the cortex, the dorsal hippocampus, the lateral
margin of the hypothalamus and the reticular formation of the
midbrain. Electrodes 20-25 um thick for subcortical recording

and 300 um‘'thick for cortical recording were implantei bivolarly
with a distance of 1-Z mm between the &lectrodes.

In all rabbits with a developed,conditloned food-acquiring
reflex,the background bloelecctrical activity was characterized
by regular oscillations of the biopotentisls at a frequency of 4-5
_oscillations per second and an amplitude of 80-100 microvolts. In response
to a rhythmic light signel there were observed on the EEG bursts of
synchronized oscillation of potentials with a freguency of 8-10 per second
in all recordings studied as well as & reaction of simulating the rhythm
of light flashes in the visual zone of the cortex .
and the lateral margin of the hypothalamus. At altitudes of 2000-
3000 m the level of excitation in the structures of the brain in-
creases,which 1s expressed by an increase in the number of inter-
signal food-gaining reactions, loss of differentiation, a de-
crease in the energy of delta waves on the EEG (uprto 85:7%) and the
predominance of the theta rhythm . in all recordings investigated,
equal to 5-7 oscillations per sectnd and an amplitude of 70-100
microvolts, and sometimes with individual bursts to 8-9 ogcillations
per second. /At this period,the behavioral reactions of "raising
up the ears" were observed in the rebbits mainly. Morecver,
a pronounced preliminary motor behavior reaction was constantly
recorded at these elevations. It 1s characteristic that 1t is
preclsely at this period that the integrator indicates a distinct
drop in energy of delta wave activity and the presence of inter-
signal EEG reactions of "imposition" in the lateral margins of the
hypothalamus (L. V. Kalyuzhnyy, N. A. Agadzhanyan, I. N, Zakharova,
1967). The above-mentioned changes indicate the predominance at
altitudes up to 4000 m of the excitation of the parasympathetic
subcortical sections of the brain as a result of an increase flow /88
of impulses from the chemo- and baroreceptors.
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ORIGINAL PAGE IS
OF POOR QUALITY

‘Fig. 13. Change in the reaction of "self stimulation" (a) and
"avoidance" (b) under the effects of increasing hypoxia.

Experimental investigations, conducted ir our laboratory by
G. P. Goroyan, 1ndlcate that in conditions of a rarefied atmosphere
corresponding to altitudes of 3000-4000 m, a reliable (P less than
0.05) increase in the "self-stimulation" reaction and a certain
facilitation of the "avoidance" reaction (Fig. 13) are observed.
In these conditions, facilitation of the "self-stimulation" reaction
was blocked by a cholinolytic substence - scopolamine but was not
“blocked by aminezine, while the "avoidance" reaction was only inhi-
"bited to & certain degree by aminazine and not blocked by scopola--
mine (N. A. Agadzhanyan, G. P. Goroyan, L. V. Kalyuzhnyy et al.
1968). The above-mentioned changes become understandable if we
consider that the lateral hypothalamus is the unconditioned sub-
cortical feeding center with a cholinergic nature of exeitation.

These results provide a basis for assuming that at moderate
altitudes a blologically positive motivation condition arises in
animals as a result of the dominance of excitation from forward-
lateral sections of the hypothalamus and cholinerglc activation
mechanisms, It 18 necessary to note that in human beings at alti-
tudes of approximately 3000-4000 m, as a rule, a state of euphoria
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-~ and. exaltation appeays. :

S In proportion to the further increase in hypoxia at altitudes

- of 5000-7000 m,a second increase in the excitation leval in the °

gtructures of the brain is noted, which is characterized by a de-

crease 1In the energy of delta waves on the EEG, a ganeralization

of the reaction . assimilating the rhythm of stimulation over

- all recording structures of the brain and an absence of the con-

ditioned food-acquiring reflex. This 1s produced by the increased

excitacion . of the subcortical non-specific activating system of

- the brain. At altitudes of 5000-7000 m,there is observed an inhi-
bition of the "self-stimulation" reaction and a significant facili-

tation of the "avoidance" reaction which was blocked by aminazine and

not blocked by scopolamine.

An analysis of the experimental data presented indlcates that
the blologically positive motivation state observed in animals in
conditions of moderate hypoxia (at altitudes of 3000-4000 m) at
is replaced at altitudes of 5000-TO00 by & bioclogically negative
motivation state as the result of the predominance of excitation
of the adrenerglic structures of the subcortex - the reticular form-
ation of the midbrain and the rear-medial sections of the hypothal-
amus., It shcvid be noted that in our early investigation it was
established that it 1s impossible to extlngulsh a conditioned de-
fense reaction 1n dogs at an altitude of 6000 m (N. A. Agadzhan-
yan, 1956), In our laboratory, studies by L. V. Kalyuzhnyy showed
that the hypothalamus, being functionally and "chemically" a heter-
ogenlc formation, determines the differentiation of the bicloglcal
significance of a stimulus and directly participates in the forma-

tion of the responce reaction of the organism in extreme conditions,

in particular with increasing hypoxia.

Finally, at altitudes greater than 7000 m,threshold inhibition

develops in the structures of the brain, being expressed in the dis-

appearance of conditioned reflexes, and the development of slow wave
activity, which 1s {irst recorded in the cortex and then in the
subcortical structures. At altitudes greater than 8000 m both the
"self-stimulation" reaction and the "avoldance" reaction disappear.

It is very characteristic that in the case of the creation of
a "plateau" on the EEG at an altitude of 7000 m the slow waves of
the cortex may,for a certaln period of time, be again replaced by
the theta rhythm, l1.e. by the same activity which is observed in
the subcortical formation. Beginning with an altitude of 8000 m
a slow wave rhythm of high amplitude appeared even in the subcor-
tical reccrdings and ebove of all in recordings of the hypothalamus.
In other cases, the delta activity was recorded simultaneously in
recordings of the hyrothalamus and hippocampus, while in the
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reticular formation of the midbrain,rapid activity in the form of
irregular ogeillotions of 4-6 cycles per second and an amplitude of
40-60 microvolts was observed.

Probably, specific paths of impulsation passage are less dis-
turbed by the effects of hypoxia.

At the time when slow waves were observed in the hypothalamus,
the rabbits, as a rule, were completely immobile and lay prone
on the floor of the chamber. At altitudes of 8000-9000 m the snergy
of the delta waves increased to 204 + 38% (data from the biopotential
integrator).

With an ascent to higher altitudes (11000-12000 m) EEG record-
ings from the cortex, hypothalamus and hippocamrus registered still
slower frequencies of biopotential oscillations, which also became
less regular, while in recordings from the reticular formation of
the midbrain,an abrupt flattening of the bloelectrical curve to
20-30 microvoits was recorded. Individual oscillations of biopoten-
tials, which corresponded to single terminal respiratory movements
of the aninal, were observed on the EEG against this background.
Generallzed clonic spasms as a rule developed after these and a
rapld "descent" was produced. At ground atmospheric pressure, normal

rhythms of respiration and EEG were soon reestablished.

Several sequential stages were also observed in the case of the
reestablishment of conditioned reflex activity and normal electrical
activity after having endured acute hypoxia. Immediately after the
"descent" as a result of the blockage of afferent impulsation the

EEG "imposition" reaction was not established in any of the struc-
tures investigated and the conditioned reflex was absent.

Later, the reaction of the "imposition" of the rhythm of the sig- /91
nal presented appeared in proportion to the reconstruction of the
conditioned reflex activity in the visual region of the cortex and
the lateral margin of the hypothalamus. Consequently, the plcture
of functional changes in the brain in conditions of oxygen deficiency
may be divided into a serles of sequentially developing stages.
Disturbance of brain activity began from the cortical formations,
then the intermedlate brain was damaged and finally - the midbrain.

A study of certain neuro-chemical mechanisms of brain reac-
tions showed that in conditions of lncreased oxygen insufficiency
there is observed an initial predominance of excitation ofa choliner-
glc nature of the forward-lateral sections of the hypothalamus,
and at altitudes of greater than 5000 m, excitation of an adrenergic




nature of the rear-medial sections of the hypothalamus and the
reticular formation of the midbrain, which leads to the dominance
of a blologically negative motivation state and the suppression of
conditioned feeding reflexes.

Having revealed the presence of the correlation between changes
in the EEG and behavioral reactions in experiments on animals, we
undertook the test of determining in experiments of human beings the
" depth and sequence of the changes observed under the effects of acute
_hypoxia. A speciel series of experiments was conducted for _ L
this purpose (N. A. Agadzhanyan et al. 1971). The subjects were
healthy men,20-30 years in age, who passed the flight-medical
board and were suited for altitude chamber erxperiments without
limitations.

The nature of the change of the physiological reactions of
an organism in breathing pure nitrogen or helium was studies in the
subjects.

Complex recording of the following physiological factors was
performed in the experiments: EEG (8 recordings), skin-galvanic
reflex, motor reacticns in solving arithmetical problems (writing
sample), EKG, frequency and volume of breathing and oxygenation of
blood. Motor reactionz in solving arithmetical problems (counting
from 1 to 1000) were recorded with the use of an electric contact
pencil. In all,45 subjects were subjected to more than 20( tests.

It i1s known that adaptation to hypoxla is a very complex and /92
multifaceted process in which practically all the organs in the
system of the organism are involved. As we have already noted,
the resulting function, characterizing the effectiveness of compen-
satory-adaptative reactions of the organism, is the level of oxygen-
ation of the arterial blood. The oxygen pressure in the tilssues,
and,therefore,also the normal course of oxidizing processes, greatly
depend on the degree of oxygenation of the arterial blood.

It must be mentioned that not only the degree but also the rate
of growth of oxygen starvatlion influence the degree of oxygenation
of the blood. In our exreriments it 1s shown that, depending on
the rate of growth of hypoxla, the degree of oxygenation of the
blood at a given altitude fluctuates within wide limits (from 48 to
76%). Individual differences are particularly clearly manifested
in the case of slow rates of growth of hypoxla and, visa versa, the
more rapidly oxygen starvation appears, the more these differences
level out.

The time from the beginning of breathing pure nitrogen or
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helium to the appearance of severe.functional disorders was, on
the average, around 2 minutes in our experiments. Individual
fluctuations variled within the limits of 5-8 seconds.

The investigations showed that the first signs of disturbance
of the higher nervous activity appear in man at the 50-55th secnnd
of breathing nitrogen and helium with a blood oxygenation equal to
75-80% (Fig. 14). This coincides with the appearance of theta
waves on the EEG. The subject, as a rule, does not perceive the in-
different signals used at this time.

— In proportion to the increase 1in hypoxia, and in particular
with a blood oxygenation equal to approximately 70% (75-80 seconds
of breathing nitrogen or helium), delta waves appear on the EEG
‘at first isolated, and then in groups, and finally in the case of
- vere hypoxla the delta waves become predominant. The appearance
of delta waves 1s accompanied by regular changes in the motor reac-
tion and memory, namely errors in completing simple arithmetical
problems; perseveration phenomena are noted. In our opinion, these
phenomena express the presence of functional disassociation between
the cortex and subcortical (thalamic) regions. The "automatism"

‘ SM‘_'of eXDeriment
HLO, ~ i:-::'b Lc;u of sensing of
: ! indifferent stimuli
fi
78 sec. I !
HY0; - 70-75% l-;"}‘;:!]u l![ I:;:uo:‘ ‘;::nl of
| ]sh |
105 e 1'“'; 1‘:1 ':h!r ¢ Absence of adequate
Rt f‘ ',u‘{illhﬂl" %’lllﬂ active reactions
Hb0; - 'Zg?&% ~Y § Loss ot conscioumess
alr - 0ge ~ ki ;]JIII o |'.| $ Recovery of EEG
it
s I tl’l!’mi ‘ Recovery of memory
1
150 0ec { Complete recovery of
vonscioumess

Fig. 14 Change of behavioral reaction of a man in conditions of
acute oxygen starvatlon.
[See explanation on following page]
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" 'KEY TO FIGURE 14.

On the left - time from the moment of breathing pure nitrogen or
helium and percentage of blood oxygenation (vxyhemometry data);
on the right - symptoms of functlonal disturbances; <rosshatched
area - degree of expression and rate of growth of disturbances.

phenomena characteristic of high altitude hypoxlia very often appear
with the predominance of delta waves on the EEG. For example, the
subject performs writing motions but does not produce a graphic
inscription. Subsequently with a blood oxygenation equal to approx-
imately 65% and below (115-125 seconds of breathing nitrogen or
helium), loss of unconsclousness begins,

Consclousness as a structural phenomenon undergoes a number of
successive and complex changes under the effects of acute oxygen
starvation. First, the ability to perceive indifferent signals, /94
which do not have great biological and social significance, is
disturbed. In proportion to the increase in hypoxia the subject
loses the ability to perceive his surroundings as a whole with all
their fine details and inZifferent stimull and it is as if all
attention opr active conscilousness 1s concentrated on fulfilling
and perceiving the basic task of the experiment. Subsequently,
with deep hypoxia even this abllity and also the feellng of danger
are lost, the memory retains only traces in the form of the per-
~ception of proprioceptive signal from the muscles of the whole body.
Then, (after approximately 120 seconds) loss of consciousness begins.
In this period the structures of the brain, performing active infor-
mation activity, are completely inhibited and only those sections
function which regulate the activity of vitally important organs
and systems (respiration, cardiac activity).

After returning tc breathing atmospheric asir, the ability tc adequately
react to external signels and to perform coordinated psychomotor activity
returns after 30 seconds, and the FEEG picture begins to be restored even
earlier, after 15 seconds.

A complex study of the different functional systems shows that
repeated exposure to high altitude factors produces a gradual adap-
tation of the organism to sharply changing conditions of the sur-
rounding gas medium (to a lesser degree,pulmonary ventilation
changes and tachycardia decreases).
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The explanation of the physiological mechanisms of hypoxic
disturbances and the establishment of a correlation betwecn the
degree of blocd oxygenation, EEG changes and behavorial reactions
make it possible to predict the degree of disturbance= of brain
functions and to develop concrete prophylactic measures for different
levels of oxygen starvation. This may find practical application
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 in the establishment of medical monitoring to evaluae the adequate-
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CHAPTER III

ARTIFICIAL ATMOSPHERE AND ITS INFLUENCE ON THE
ORGANISM

In order to maintain the normal working capacity and health /95
of a man located in an airtight cabin it is necessary to main- -
tain @ sufficient total pressure and optimal partial
pressure of oxygen, carbon dioxide and other gases in 1it.

In order to solve this problem it was necessary to conduct a
broad range of investigations, aimed at studying the influence
on a man of an extended stay in small, sealed compartments in conditions
of an artificial atmosphere.

Experiments invclving men staying in airtight cabins with
an atmosphere, close to normal terrestrial atmosphere,
have already been conducted in the Soviet Union. However,
interect is seeking broad technical and biological possibilities
for supporting human life in extreme conditions and the necessity of
using an attired environment for elinical purposes pos>d_the
problem of studying different variants of an artifical gas medium.
In addition, with regard to the physiological capacities of man
as a bilological creature,the limits of the permissible variations
of the parameters of this medium must be determined primarily
by the length of time spent in it. The requirements of the gas
medium will beccme increasingly strict in proportion to the in-
crease in the time spent in such an environment and to an ever
greater degree it willl become necessary to consider not only the
direct influences of the environment on the organism, but also
the reverse influences of the organism on the gas medium surrounding
it.

As applied to an extended stay in airtight compartments,the
problem of the permissible limits of variation of the total
barometric pressure, the physiological basis of the permissible
concentrations of oxygen and carbon dioxide, the lon composition
of the air and so forth require further analysis.

If in biological experiments on animals and with the /96
participation of men it 1is shown that it is possible for
an organism to remain for an extended period of time without
harm in conditions of significant fluctuations of the most
important components of the gas medium in sealed compartments,
then physicians and biologists will zcquire broader possibllities
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‘for the fcrmulations and selection of the artificial atmosphere
used in airtight compartments.

It 1s particularly important to explain the blological role
of atmospheric pressure and lnert gases in order to derive the
physiosogical basis of the uxygen regime and to create a
scilentifically well-founded general theory of the formation of
an artificial atmosphere in sealed inhabited systems.

For many years now,the question of the possibility of using
a gas medium , consisting only of oxygen in inhabited cabins
has been considered in the literature. In particular, until
recently many physiologlists in the USA considered that in space-
craft it is expedlent to create and maintaln a gas medium,
consisting of a "monogas"--oxygen (Schaefer, 1964, et al.) However,
such a conclusion was made in the absence of a general theory and
sufficlently complete analysis of the problem.

The rapid tempo of the development of astronautics and the
clear prospects of increasing the distance and duration of
spacecraft flights are stimulating medical end biological studies,
expanding and putting forth new problems for space medicine.

All these investigations are directed toward providing for the
,safety of man in outer space and for creating the conditions
necessary for maintaining normal activity and efficlency.

The problem of maintaining etfilciency during an extended stay
in conditions of an artificial atmosphere, with relatively limited
motor activity and incoming external information, has acquired
important significance at the present time, especially in connec-
tion with the increse in the duration of space flights. In order
to solve thls problem it has become necessary to conduct a broad
range of medical and biological investigations at home and abroad (Welch
et al. 1961, 1963; N. A. Agadzhanyan, A. G. Kuznetsov, 1962;

D. I. Ivanov et al.l1963; A. M. Genin 196h A. V. Lebedinskiy,
S. V. Levinekiy, Yu. G. Nefedov, 1965 . Kuznetsov, et al.
1964 and others).

Great attention is given to the orthostatic hypote=nsion /9
which appears in astronauts after flights (Berry et al, 1962)
and after experiments with extended stay In conditions of

hypokinesis (Miller et al. 1964; A. L. Myasnikov, et al. 1965,
and others) or in a water medium (Graybiel, Clark, 1961;

David, 1961; Graveline, 1962; Yu. V. Vanyushina, 1963; Vogt, 1965,
and others).

One of the primary factors acting on the organism of a man
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in airtight compartments is the limitation of motor activity.

It is sufficient to say that the oxygen consumption and the
exhalation of carbon dioxide in subjects progressivel; decreased
not only during prolonged bed rest, but also in sealed

chambers of small volume (Weleh, et al, 1961; D. I. Ivanov et al.
1963; A. G. Kuznetsov, 1. A. Agadzhanyan et al. 1963). At the
same time, there is noted an increased discharge from the

organism in the urine of such elements such es sodium, calcium,
potassium, nitrogen, sulfur and phosphorus.

The influence of hypodynamia on the organism may be arbitrarily
divided into two basic groups: the influence leading to changes
in the organism immediately during a prolonged limitation of
muscular activity, and the iInfluyence of the consequences of hypo-~
dynamia on the different functions of the organism. To the first
group telong atrophy of the muscles, as well as of the bones,
difficulty in moving the joints, changes in brain circulation,
vascular tone, ete. The second group of disturbances includesy
for example, the lowering of the organism's reslstance to ortho-
static effects, acceleration, acute hypoxia, heavy physical loads,
and so forth. ’

Under measiured physical loads, after the termiantion of hypo-
dynamla,a sharp rise In the pulse rate and an increase in arterial
pressure are recorded (A. V. Korobkov, 1961; A. G. Kuznetsov,

N. A. Agadzhanyan et al. 1963).

Taylor (1949), Miller et al.(1964), and Lamb et al. (1965)
Indicate a decrease in the capacity of the respiratory and cardio-
vascular system to rapidly supply the working tissues with oxygen
and a significant increase in the amount of lactic acid in the
organism during muscular work after hypodynamia.

A number of authors have established that variation in the
level of energy expenditure directly depends on the dimensions of
an airtight chamber. During a seven-day stay by three subjects in
e spacecraft caebin simulator, 5.7 cublic meters in volume, the energy
expenditure vas, on the cverage, 32 kilocalories per kilogram of
body weight per day (2300 kilocalories per day for a man welghing
70 kilograms) with an oxygen consumption of 473 liters and
exhalation of 403 liters of carbon dioxide. Witn a four-day stay /08
by two subjects in a mock-up of a spacecraft, 1£.2 sq. meters in
area,the energy expenditures were, on the average, 40 kilocalories
per kilogram body weight per day (2800 kilograms per day) with a
consumption of 581 liters of cxygen ~nd the exhalation of 494
liters of carbon dioxide (Celentanc et al. 1963).

On the basis o the data obtained,the authors concludé that
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there was  approximately & 30% increase in motor activity in the
larger chamber.

~ With the ald of physical training and the use of an "active" gas
medium in a cabin,it is possible to decrease or even completely
eliminate the deficit of muscular activity and in this way to
prevent the development of orthostatic instability.

In Soviet and ‘foreign literature there are a limited numbexr of
studies dealing with the influence of hypodynamla on human energy
expenditure during the performance of physical work. Taylor et al. |
(1949) 4id not find that there subjects  had an increased oxygen con-
sumption during physical work after extended bed rest. A. V.
Lebedinskiy, S. V. Levinskiy and Yu. G. Nefedov (1964) in studies
with subjects staying for an extended period of time (from 10 to
120 days) in gealed compartments of small volume obtained the
opposite results. With a measured physical load the oxygen require-
ment increased to 2 greater degree than before the beginning of the
experiments. The processes of the liquidation of the oxygen debt
were also significantly slowed down.

The basic cause of the disturbance of the organism's oxygen
regime during work after many days of bed rest 1s the limitation of
muscular activity. Variatlion of the hydrostatic factor of the
organism's fluid medium, caused by staying in a horizoatal position,
in the opinion of B. S. Katkovskiy (1966), is of secondary imporvance.

Analysis of published data shows that in the case of a man
undergoing an extended stay in compartments of limited volume
there i1s, in the first place, disturbance of the physiological
mechanism which control the organism's oxygen requirement, leading
to increasing energy expenditure during the performance of physical
work. Upon transition through ordinary conditions of motor /99
activity,restoration proceeds in a reverse order. :

With an increased carbon dloxide content in the lnhaled air
(pCO, more than 8 mm Hg), functional changes in the organism appeared
earlge;' and proved to be more pronounced (I. R. Kalinichenko, 1966
et al,

Increased pulmonary ventilation, contraction of blood vessels
and retardation of circulation are specific for Increased carbon
dioxide concentrations. The given circumstance must be considered
when developing the principles of the formation of an artificial
atmosphere for flight vehicle cabins, since caplllary contraction
slows saturatiomof the crganism with nitrogen. This process does not
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depend, on pulmonary ventilation or breathing rhythm. It is also
.known that carbon dioxide slows desaturation of the organism by nitrogen.

In recent years experiments have been conducted to look into
possibility of a man staying for an extended (up to 15-30 days)
period in an atmosphere of practically pure oxygen (90-94%) under
a total pressure corresponding to altitudes of 7,000-10,000 m (308~
198 mm Hg) (A. N. Genin et al. 1967). '

The subjJects' ability to perform mental and physical work
does not change significantly in these conditions. The oxygen re-
quirement was on the average 19.2 l/h, the carbon dioxide exhsaled
--16.1 1/n, energy expenditure--2304 Kcal/day.

In the authors' opinion, the gas medium under censideration
does not make significant demands on the organism's adaptive
capabilities. In additlion, data are given on decompression
disorders observed in the experiment,depending on the duration of
desaturation of the organism.

Long<term (up to 14 days)investigations conducted at ground
pressure showed that with an increase in the oxygen concentration
in the inhaled air to 40%,no significant changes in the physiological
reactlions of the organism are observed, while an atmosphere contain-
ing 53% oxygen causes regular changes in the coagulative and
anticoagulative systems of the blood, in the immunological properties
of the organl: as well as a lowering of altitude resistance (N. A.
Agadzhanyan, e. al. 1968).

In the case of an extended stay at an altitude of 3050 m with /100
an oxygen concentration equal to 55%, Hanno and Gaito (1960)
observed toward the end of the experiment a decreage in working
ability and the phenomenon of asthenia. These changes might also
depend on the primitiveness and monotony of the tasks performed.
Therefore, in order to maintaln working ability in the indicated
conditions the authors recommend posing complex and varied tasks,
which might creatively stlmulate a man.

The results of an experiment witn two pllots staylng for 17
days in an altitude chamber at a pressure equal to 250 mm Hg and
in a pure oxygen atmosphere are of interest (Heather, 1961). The
duration of the experiment (17 days) was determined by the period
required for a flight around the moon. The use of a pure oxygen
atmosphere was connected with the fact that from the technical
point of view, in the author's opinion, it is much nmore difficult
to maintain a constant ratio of different gases than of oxygen
alone iIn a caft's cabin.
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“In this experiment the subjects manifested the phenomena of
irritation of the pulmonary tissue and respiratory passages,

 and al3o a welght loss of 2.7 kg in one of the subjects and 1.4 kg
~in the other. In the experiment of Haustersand Riley (1947)

subjects were aubmitted to slow acclimatization in an altitude

chamber by means of a gradual ascent (in the course of three weeks)

gg gn altitude of 6100 wm and a stay at the indicated altitude for
ays.

The work of D. I, Ivanov et al (1963) deserves partiocular

~attention here. The authons studlied the ability of & man to stay

for an extended period (to 30 days) i{n conditions of reduced barometric
pressure, corresponding to altitudes of 3,000-7,000 m with a partial
cxygen pressure in the inhaled air of from 150200 mm Hg. It was
shown that a monthelong s%ay ln the above mentioned conditions is
completely poasible with quite a high degree of retention of working
abillity. In the author's opinion the rarefaction factor does not
have independent biological significance within the renge of the
values inveatigated.

Interesting psychophysliologleal lnveatlgations were also con-
ducted abroad in 30=and 17-day experimenta (Welech, Morgan et al,
1961; Weleh, 1963). In a 30-day experiment the alr was rarefied,
corresponding to an altituda of H486 m. The subJects breathed /101
a gas mixture (oxygen-U0%, nitrogen=00%). In the 17=day experi-
ment the rarefactlion was equal to 10,200 m and the subjects
breathad pure oxygen.

In these 1lnvestigations tne authors noted a drop in dlastolle
pregaure toward the end of the investigation, some lowerlng of the
vital eapacity of the lungs, an Inerease In the restopration tine
of the cardiaec rhythm after orthoatatie testing and an lnerease
in the atrio<ventrloular conductivity and labllity of the " spike
on an EKG. Restoration of functions cecurpred two months after the
end of the experiment. It was also noted that the subjects loat
welght (2.8=3.6 kg in the 30=day experiment and 2 kg in the 1T=day

one) with a decrease in the water content In the body, and a

decrease 1ln the total volume of plasma and blood. The total watex
requirement in the 30~day experiment waa 1686-1999 wml, in the
17=day experiment , 22202238 ml per day. T™he total water exeretlon
was reapeoctively 970-1114 and 1008=1374% ml per day.

I the authors' opinlon, the ahltftain the water balance In
the 17«day experiment are primar!ly caused by the extracellular
water content; in the 30-day experiment changes also developed
in the cell content. Desplte tne welght loswg,the fat content In the
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ofgahism increased.

Along with scientific analysis of the parameters of the micro-
nIimate of 8pacecraft cabins,the attention of scientists in recent
_years has also been drawn to the question of replacing the
nitrogen in the cabin air with inert gases. The
expedience of such a substitution derives from an examination of
the fundamental physical and chemical properties of inert gases
and the results of physiological-hygienic and technical investi-
gations which indicated the advantages of certaln inert gases,
in particular, helium (M. I. Yakobson, 1950; Bowman, Dingman, 1960;

A, G. Dianov, A. G. Kuznetsov, 196 33

It is known that the solubility coefficlent of helium in fats
(0.0148) is significantly less than that of nitrogen (0.0667),
and the rate of diffusion (1202 m/sec at 0°C and 760 mm Hg.) is
greater than in the case of nitrogen (453 m/sec). The heat con-
ductivity of helium is much greater than thatof nitrogen: the
coefficlient of heat conductivity of the latter is 5.68, and that
of helium is 33.6, and in addition the specific heat of helium
(1.25) greatly exceeds that of nitrogen (0.251). On the strength
off these factors an atmosphere containing helium is more
preferable when it 1is necessary to eliminate excess heat from
the organism,

In recent years both at home and abroad physiological studies
have been conducted on the avllity of a man to endure a multiday
stay in a gas medium where the nitrogen of the alr has been replaced
by helium with normal total pressure (A. G. Dianov, A. G. Kuznetsov,
1363) and with a pressure of 258 mm Hg (Bortek et al. 1966).

A. G. Dianov, A. G. Kuznetsov et al.conductecd two long-term

studies on npen in an airtight chamber five cubic meters in volume
at ground barometric pressure. As a result,it was established that

it is possible for a man to stay up to 25 days in an airtight chamber

wvhere the nitrogen of the air has been replaced by helium.

The investigations showed that the most significant functional
changes wnich appear In the human and animal organism under the
influence of a helilum-oxygen atmosphere are caused by the physical
propertics of helium=--high heat conductivity and low density.

The further the technology of hermetically sealed cabins has improved,
the more pronounced have become the impurities contaminating the air. The
sources of contamination may be defects in the equipment used in the cabins,
coverings and polymer material, the operation of electronic equipment and,
perhaps most of all, man himself as a blologlcal obJect. It 1s
sufficient to note that chromatographic analysls of human excre-
tions reveals up to 400 compounds belonging to 22 chemical groups.
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18 greatly increased by the faet that the interaction of different
eompounds may lead to the formation of new toxic products. In
~the case of an extended stay in a hellum-oaygen medium 68 second-
atage components are found: alechols,aldehydes, hydrocarbons,
ketones, sulfur compounds, ete. (Adams et al. 1966).

Complex c¢clinlco-physiological and hyglenie investigations
were conducted in order to make a physiologlcal evaluation of the
favorability of the above-mentioned gas mediv. for future manned
space flights. It was shown that oxygen absorption and carbon
dioxide exhalatioa ineressed in a helium-oxygen medium. 1In the
authora' opinion, this is connected with the lnaoreased water loss
in the case of reduced pressure. The dirffusion capacity of 2103
carbon dioxide did not change. The vital capaclty of the
lungs in the firat veriod of the experiment decreased and then
gradually returned to the original level (Robertson et al. 1966).

A3 a result of the decreased density of the gas medlum the
regpliratory volume inereased by approximately 40%. The authors
did ot observe chanpes lndleating any harmful influence of the
atmoaphere under Investigation upon the funetioning of the lungs.

Degpite the experimental studies which have been conducted 1
here and abroad  durding the past ten years,up to the present time 1
the basie physiologleal ¢eriteria for choosing the total pressure |
and oxygen regime in manned spacecraft cabing have not been declsively
astablished; also, no sufrflalent bases have been established with
regpect to the use of a specific pas diluent. Cowmparative studles
with helium-oxygen and nitrogen-oxygen gas mixtures show venry
small and very dublous advantages ror doth mixtures.

According to theoretical caleoulations hellum has certaln
advantages 1n comparison with nitrogen: It is much more rapldly
rel2ased from the organiam upon transition from the two gas
atmosphere of an alrtight cabln iInto the purely oxygen medium
of a spacesulit. Hellum, as the gas with the smallest coefflediry
of abaorption, la theoreticvally more preferabie also from the
point of view of the preventive treatment of atelectacis.

On the Lasls of theoretical caloulatlons the opinton also
existed that in a hellum=oxygen medlum the danger of decompreaslion
dlsordera 1s deoreased since helium has a lower solublility In the
connegtlive and fatty tlssues in comparizon with nitrogen and it ia
more rapldly eliminated from the organiam,
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. - Studies performed on human beings did not reveal any signifi-
‘cant difference between helium and nitrogen both from the point of
“view of the frequency of appearance of altitude.: pains and the
gravity of decompression sickness symptoms (Roth, 1966). More-
over 1t was discovered that under identical desaturation conditions
& helium bubble is formed in the capillaiies at the initial stages
and grows more rapidly and attairs a size exceedinc that of a
nitrogen bubble by 1.8 times (Neswald, 1967).

In the opini n of Neswald (1967), with identical partial
pressure of inert gass and oxygen in a mannad cabin a neon-
oxygen mixtureg from the pnysiological point of view,should be
somewhat better than a hellum-oxygen or a nitrogen-oxygen mixture.
However, the quostion of the blological role of inert gases /104
still needs further experimental verification and refinement.

In evaluating the above-mentioned gas mixtures it is also
necessary to take account of the fact that the rate of combustion
in a helium-oxygen medium is 4-5 times greater than in a nitrogen-
oxygen medium (depending on the type of liquid fuel).

In order to determine decisively the efficiency of a given or
artificial atmosphere for a manned cabin it is necessary
to make further long-range studles on human subjects. The
time factor has especially important significance for establishing
the influence of an artificlial atmosphere on the diffeient
physiological systems of the organism.

A specific artificial atmosphere for a spacecraft cabin
can be recommended as the most rational only in the case where the
duration of laboratory experiments conducted with the participation
of a sufficient number of subjects exceeds the duration of a
real flight.

In addition to the question dealing with the physiological
basis of an artificial atmosphere, great attention has been given
to the study of the influence on the organism of the conditions
of an extended space flight: the limitations in movement, isola-
tion, monotony, and the constant threat of external dangers,
all of which influence the interrelationship between two
members,

In the opinion of Monroe, Cramerg and others with respect to
space flights, from the psychological point of view a two-man crew
1s not desirable. The authors come to this conclusion not only
on the basis of thelr own 30=-day experiment but also on the basis
of observations of polar explorers who have spent many months
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in the Central Arctic. "“There comes a moment," one of them
writes, "when there is no longer anything to say to the other
person, when even a man's hidden thoughts become open and .he
way in which the other person blows out the lamp or throws his
shoes on the floor or eats causes a flood of irritation. This
can happen between the best of friends."

On the other hand, a three-man crew is also unstable, since
it 18 possible for two men to conspire against the third. Then, /105
instead of "maintaining harmony of temperament" the collective
efforts of the entire group may be destroyed.

As a result of a relatively small number of experiments,
valuable factual material has been obtained on human efficiency
during an extended stay in a small, sealed space,
making it possible to develop some principles for setting up
an artificial environment in a sealed cabin (A. M. Genin, 1964;
Schaefer, 1964; N. A. Agadzhanyan, 1969).

With respect to spacecraft cabins this problem has unique
features resulting, on the one hand, from the specific conditions
of spr.e flights, and on the other, from the existence of a
cartain compromise betueen the desire for creating optimal com-
fort conditions for the crew members and the technical facilities
for providing then.

In connection with the rapid development of aviation, and
particularly, of rocket technolegy, aviation and space medicine
together with bilclogical sciences as & while, is faced with the most
Important task of studying the role and physiological characteristics
of the individual compensatory and adaptive protective reactions of
the organlism to external influences and to develop measures to
increase ita resistance.

In connection with the decreased pressure in manned flight
vehicle cablins, particularly in the case of manned space flight,
a number of gquestions having important practical significance
arise. How probable 1is the danger of the appearance of decompres-
slon sickness in space flight? What ways are there to prevent
decompression disorders? Does the atmosphere need to contain
nitrogen? Is it worthwhlle to replace the nitrogen of the air
with other lnert gases? Does the very factor of the length of
time spent in an altered gas medium, ete. have
independent bilological significance? Numerous Investipations
have been conducted in recent years in order to solve all these
scientifically practical questions and to protect the organism
fron adverse tlight factors.
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The cholce of gas medium and the amount of pressure to be used
in the spacecraft cabin are the subject of lively argument between
engineers and physiologists. Thus, for example, experiments are
belng conducted in the USA to determine the relationship between
cabin welght and pressure. These experiments have indicated
that an increase in pressure will require thickening of the cabin
skin. For a space station designed for eight men and operating
with solar battery power, increasing the cabin pressure from
300 to 760 mm Hg will increase the weight of the cabin skin by
more than 4 times (Parker, Ekberg, 1963).

/106

Table 20 gives data on gas leakage (through openings of
different diameters) in the case of different barometric pressures
in a manned cabin (Konecci, 1964). The decisive factor for
determining the requirements of a life support sytem is the
duration of the space flight.

TARLE 20% GAS LEAKAGE FROM SPACECRAFT (DATA FROM KONECCI, 1964)

Cabin
pressure Gas Leakage (in kg) during a flight of x days
mm. Hg 1 10.. 30 100 1000
Qritice 6-107Y
760 21,7 247 740,6 -~"§1n9~\, 21 689
317 184 184 5524 1812 20
414 230 156 4702 1 567 1567
258 R Y i 1z 328 1176 11 760 2,
Gritice 61074
760 247 24,7 3.8
517 184 18.4
414 1,56 15,6
258 1,17 17
Oxifice
760 0247 247
617 0,183 1.84
414 0,106 1,56
258 0,127 1L17
Oxitice
760 0,024 0,24 217
517 0018 018 184
414 oo nad 15,6
258 V012 0,12 11,7

*Translator's Note:commas represent decimal points.




“Among USA physlologists the opinion is widespread that in
spacecraft to be flown for perlods up to 2 weeks it 1s expedient
- %o create and maintain a gas medium consisting of pure oxygen

(Schaefer, 1964). The recommendations have been carried out 107

in the spaceoraft "Mercury," "“Gemini," and "Apollo." 1In
spacecraft of the "Apollo" type the life support system permits
three astronauts to inhabit an airtight cabin, 7.65 cubic meters in
volume. (the volume: of the "Gemini" cabin--2,265 cubic meters, and
of the “Mercury"--1,42 cubic meters) for a lli-day flight in a
pure oxygen atmosphere at a pressure of 258 mm Hg both in ordinary
clothes and in space suits. It was initlally propesed that a
twosgas mixture (oxygen and nitrogen) be used, but weight limita-

‘tions, the wish to simplify the gas medium control system and
"reduce air leakege from the cabin, and the biomedical
data led to the conclusion that pure oxygen at low pressure ,

is the most rational solution. The high-pressure oxygen system
present in the "Apollo" spacecraft provides for a
of .oxygen into the cabin, compensating for gas leakage and the

oxygen consumption. The maximum gas leakage is 91 grams per
. In the case of damage to the cabin skin for a hole 12.5 mm

in diameter the pressure is automatically maintained at 188 mm Hg
for five minutes. Awmerican experts consider that this time 1is
completely sufficient for the astronauts to be able to put on
their space suilts.

In addition to maintaining oxygen pressure in the space suilts
and cabin, the high-pressure oxygen system provides the necessary
pressure in the water and water-glycol mixture tanks, and also
operates the cyclic water accumulator. In connection with the
tragic death of the American astronauts,experts in the USA again
returned to an examination of the problem of the cholce of para-
meters of the gas medium in spacecraft and began to develop a
two-gas life support system for fuure spacecraft.

However, desplite the avallable informatiom problems of the
physioclogical basis of the oxygen reglme in manned spacecraft cabins
have still not been suffliciently studled and it Is not yet possible
to draw definitive conclusions and make recommendations, particular-
ly with respect to extended space flights.

In the opinion of the experts, at the contemporary stage of
development of astronautics the range of permissible fluctuations
of the parameters of an artificlal medium must be determined
with regard to the structure of an actual spacecraft and flight
program, In addition, it is necessary to consider that ;108
an increase in space flight duration along requires a more
strict approach to the determination of gas medlum parameters
and a more preclise analysis of the changes introduced into the
artificial medium by the astronaut himself. It 13 also necessary

98

N e




to bear in mind that in a space flight, particularly in a long one,
compromise at the expense of the crew 1s impossible.

» It 1s impossible not to agree with the opinion of G. Armstrong,
that medical and biological studies dealing with physiological criteria

ought to be concluded 5-10 years before a planned spacecraft is

first launched. 1In thils connection doctors and bilologists

have already before them the problem of finding the optimal
physlologlcal-hygienic criteria for normalizing an artificial
habitable environment and developing an appropriate work and rest

regime for space flights of different durations, mainly, with
respect to determining the range of the permissible partial
pressure of oxygen and carbon dioxide, determining the biological
role of inert gases, the permissible renge . of temperature, humidity,
barometric pressure and so forth.

1. ORGANIZATION OF LONG-TERM STUDIES AND THEIR
PHYSIOLOGICAL-HYGIENIC CHARACTERISTICS

As we have already indicated, in recent years both in the
USSR and abroad long term experiments have been conducted in
hermetically sealed compartments of limited volume both at normal
pressure rnd at decreased barometric pressure.
These studles have shown that the more perfect the life-support
systems are,the less the environment of a hermetically sealed
compartment differs from an ordinary environment and, consequently,
the less 1t influences the human organism and its working ability.

The problem of habitation under the artificial atmospheric
conditions of airtight compartments has acquirel in recent years
real significance in a number of areas of human activity.
Further analysis of thisiproblem requires the close and daily /109
cooperation of engineers, blologists, doctors, mathematiclians
and many other speclalists. The end goal of the medical and
biological investigations conducted under laboratory conditione in the
Soviet Union is to obtain specific data for performing extended flights
and conquering outer space for peaceful purposes.

Medical and biological studies should be direeted not only toward
providing the optimal gas medium conditions, but also toward
developing measures for organizing efficlent work and rest periods
for the crew members, and toward seeking effective means of
ensuring the safe conduct of long-term experiments in airtight compartments
of limited volume. Meterials on the organization and maintenance of
extended altitude chamber investigations at nomal and low pressure and
the results of physiological and hygienic studies are set forth below.



Information on arranging the subjects' day, their food ra-
tion, clothing used, microblc contamination of the compartment
and so forth is necessary for subsequent @valuation of the
physiological data.

, A large group of collaborators participated in the organization
" and medical and technological maintenance of these investiguations.

, In order to study the effect of an extended stay within

an artificial atmosphere on the human organism, two extended

experiments in & sealad compartmeat of limited volume were

conducted with four subjects participating: a 60-day

experiment at ground level pressure and a 62-day experlment at
a total pressure corresponding to an altitude of 7,000 meters.

A wide range of physiological and hygienic investigations was
performed during each experiment. The hyglenic investigations
included studying the microclimate, gas and ion composition of the
air, the dynamics of the bacterial flora in the chamber and quali-
tative changes in its composition. Comnlex investigations of the
functions of different systemsof the organism--higher nervous
activity, external respiration, pulmonary gas exchange, cardio-
vascular system, morpholological composition of the peripheral
blood and so forth--were performed in order to reveal physiological
shifts. The physiologlcal reasctions were recorded each three to
four hours on an "Al'var" oscillograph. The daily period ol /110
the organisms' physiological reaction was investigated on
particular days of the experiment. At the same time there was
continuous observation of the general condition and behavior of the
subjects, and the regular radio reports of there state of being were
also considered. In addition to performing general clinical
analyses the phagocytic activity of neutrophiles, the absolute
number of eosinophiles in the blood and 17-corticosteroids in
the urine were also determined. The lonization level in the
chamber was periodically measured and the microbic contamination
of the alr investigated, sund various portions of the skin were washed
for bacteriological investigations. Tnhe subjects' day was
arranged so that 8~10 hours were spent in physiological studies and
physical exercise with the remaining time divided into rest,
nighttime sleep, reading literature, cleaning the compartment,
preparing and eating food, etc. Radio communication between the
experimenters and the subdjects was kKept to 4 minimum and performed
during the period of physiological studies provided by the progran.

After the end of the long-term experiment,the researchers
determined the altitude resistance of the organism, the resistance
to acceleration on a centrifuge and the resistance to great physical loads (on
a "running track" stand), and also performed X-ray kymography of
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the organg of the chest cavity. Functional tests, consisting of
8 strictly measured complex of speclal physical exercises
developed specifically for compartments of limited size and
welghtless conditions, were used for the purpose of a dynamic
study of the functional state of the cardio=-vascular system &nd
respiraticn and compensation for the lack of motor activity
during the course of the experiment (M. A. Cherepakhin, 1961).

Before and after the long-term experiment,clinical-physiolog
studlies were conducted and also functional changes in the
auditory, vestibular and motor analyzers were studied.

In comparing the data obtained in the ground (cuntrol) ex-
periment with the data from the high altitude experiment it may
be noted that ia the latter case the total mi.robe count was
significantly lower (Figure 15).
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Figure 15. Microbe count in the ground (a) and high
altitude (b) experiment.

The overall microtopography of the skin was recorded for
comparison of the microflora of individual sections of the
skin before and afteyr the long-term experiments. Before the
experimeni the subject took a hyglenic shower and bath, after
which culture-print with agar and tampon washings were taken
from the skin of the chest, back, both palms and soles of the
feet for subsequent laboratory study of the microflora. The
number of colonies grown on the prints was c:lculated for one
square centimer of skin. The results obtained in the ground
experiment are shaw:: in Table 21,
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The data in Table 21 indicate a significent quantitative
growth of microbe flora from all untreated sections of skin
while on the treated right foot no progressive increase in the
number of microbe cells is noted.

The microbe flora on the prints represents basically coccus
species: staphylococeus, sarcine, streptococcus, tetracoccus,
and also bacilli. Around 5% of the staphyloccus possessed
pathogenic properties (hemolytic activity).

Investigations of vacteriological contamination of the air
of a chamber conducted by N. N. Sitnikova showed that during
isolation the number of microbes in the alr increased by two
times. The bacteria count of the air of the chamber increaszad /112
mainly due to the rapid multiplication of microbes on the sub-
Jects' skin with their subsequent transition to an air environ-
ment. The significant increase inthe number of microbe cells
on the untreated portions of the skin took place, evidently, due
to alowering of the bactericidal properties of the skin.

TABLE 21

NUMBER OF LIVING MICROBE CELLS PER CM2 SKIN

Date of Culture

(A1l 1962)
1/19 1/25 11/1 11/15 3/1  3/15 3/20

Portion

Subject Studied

Day of Fxperiwment
st 7th 1l4th 28th 42nd 56th 60th
Left loot 10 63 82 I76 179 I7I IR0
Right foot 11 19 53 20 16 11 23 |

N Chest 9 18 «= == 34 46 49

- Back 11 14 -- - 25 40 65
More than

Left foot 5 28 66 175 201 }78 200

Ts=-ko Right foot 6 20 9.5 26 22 25 27

Chest 2 5 e= - 28 79 9h

Back 5 7T -- - 48 90 91

V. V. Borshchenko, I. G. Popov, and F. K. Savinich made an
evaluation of the degree of contamination of the skin and clothing
by means of comparing the results of analyses of water washings
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from the skin and part of the clothing for chlorides (Mohr's
method) and acidity (Kubel's method) before and after the
experiment. In addition to an investigation of whole parts

of the clothing, nieces of tissue sewn onto the cloth were
subjected to analysis for the purposes of studying the processes
of the penetration of skin excretions through layers ¢ clothing.
It was established that around 95% of the chlorides and 91-92%
of organic substances, that is,the bulk of skin and other
excretions,are retained by the cloth.

As the experimeﬁt of Ya. Kuno (1961) indicated, the in%ensi-
-ty of perspiration and the concentration of chlorides and organic
substances in the perspiration fluid vary significantly in

..different people. ~

The specific living conditions of crew members during /11
a flight--the small volume of the living quarters of the ship,
the limitation of water consumption for toilet needs, the
absence of earth gravitation and so forth--lead to the necessity
of seeking special means of cleaning the skin with a minimum
water consumption. Moreover, during an extended stay under the
above-mentioneéd condlitions a man's skin will undoubtedly require
supplementary feeding, vitamins and additional means of protection
from ultraviolet and other rays. All these components may
easily be included in the so-called waterless skin cleaning
facilities which provide for normal functioning of the skin under
flight conditions.

V: V. Ogleznev and A. M. Finogenov together with their
colleagues at the Institue of Medical Cosmetics proposed
physiologically inert cleansing agents, which do not contain
aromatic or volatile substances capable of creating significant
vapor concentrations in the cabin atmosphere, for performing the
dally cleaning of exposed portions of the body (face, neck,
hands) and feet.

On long space flights it is important to have a rational feeding
séchedule for the astronauts, and therefore we also gave great attention to
the orgenization of subjects nutrition in conducting extended experiments.

V. P. Bychkov designed a food ration (seversl menus), ,
quantitatively and qualitatively full-valued with regard to
the conditions of a long-term experiment in a closed chamber of
limited volume. The ration contained: water 1664-1698 g,
protein 123-128 g, fat 116-125 g, hydrocarbons 483-448 g with a
calorie count of 3573-3545 Kcal. The ratio of proteins, fats
and hydrocarbons in the experiments was optimal (1:1:4),
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80 that the dally calorie intake oconsiated of approximately 14.4=-
158 pratein, 30.4-33.3% fat and 51.7=55.2% hydrooarbons,
According to the data of the Inatitute of Nutrition, Acadewmy

of Medical Sclencea, USSR, these are the moat effielent ratioa.
T?ilr@ad allowance ocontaiped fruits and wmultiple vitamin

pilla.

It 1a neaeasary to note that although in both long-term
experimenta tha subjeots had approximately the aame food allowance
and the atudiea were condueted in the same chamber, theilr aatual
food requirementa differed. Thus, in the high- £114
altitude experimenta, the aubjeota' appetlte waa good for al=
moat tne entire pericd of time apent at an altirtude of 7,000
metera. Toward the end af the experiment sublect Ch=y'a
welght inoreased by 9.3 ki, and aubjeot A=y's welghte«by 4.2 kg,
An entirely different ploture waa obgerved 1n the b0=day gvound

experiment. Subleot's M=-0v and Ta=ao, beginning with the asecond
half of the experiment, did not oompletely eat the food offered
and their appetite sharply decreased., In the long=term ground
experiment the aubjecta' weight showed practically no change.

For ocompariaon, Table 22 presents data on the . actual
ponaumption by the aubjects of the mean dally food allowance In
the two different experimenta.

TABLE 22

ACTUAL CONSUNMPTTON OF WATER AND FOOD 1IN
GROUND AND HIGH-ALTITUDE
EXTERTMENTE

Conditiona of vontent, g

Experiment and Amount. of ey
Saih g o ok A et o Hydro- Calorte
Name of rubjeots Water, & vrotelua Fata o vbons Value Koal
Altitude 7,000m ] ay g . N W,
LTS 1Y) 1] .
Around 1688, 6 120.8 100,7 489, 1038, 0

N=ov and Pa=ko
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In spite of the good organcleptic qualities of the food and
the wide variety of the products included in the food ration
A daily average of 165 grems of food and water, containing 20.5 grams
protein, 18.5 grams fat and 36.5 grams hydrocarbon, was left uneaten
by subJects M-ov and Ta-ko.

From Teble 22 1t is possible to conclude that the food ration,

designed for conditions connected with a long=-term stay In a
closed compartment of small volume,proved to be excessive. The
absence of equipment in the pressure chamber for heating the
food worsens its flavor qualities, lowers uptake assimilability and
leads to a rapid dislike of the food. From this same table it is obvious
that the mean dally water consumption in the high-altitude experi=-
ment ls approximately 200 grams greater than in the ground
experiment. Inouropinion this 1s explalned by the characteristics
of the water-salt exchange under decreased barometric
pressure, In particular by the increased release of water by the
organism.

2, 'THE METHOD OF FORMING AN ARTIFICIAL ATMOSPHERE /115
IN AN AIRTIGHT CHAMBER

Conducting long=term blologicul Investigations in airtight
chambers of limited volume requires, rirst of all, special
selentifle analysis of the problems conneated with the realization
of an effectlive system for repmulating the glven parameters of the
microclimate in the cabin, with maintaining optimal sanitary-
hyglenie condltions and with providing continuous medical control
and the necessary safety neasures.

A man under these conditions ror an extended pertod of tine is
subject to the effect of a number of unlgue envivonmental factors,
charactericing the habltabllity, which to a slgnificant degree
ditffer from an ordinary terrestrliact environment, In the studies
by A. V. Lebedinskiy, Yu. G. Nefedov, ot al.(1904), N. A. Agadzhanyan,
A. Q. Kuznetasov, et al.(1904) and Schacfer (1964) it was emphasized
that this unique environment !s to a great degree formed by the
living organiam itself, The whole fwportance of a deep and
comprehenalve study of the propertiea of the gas medium in manned
alrtight cablns renults from this specifle charactervistice.

It 18 noveasary to show and differentiate what chanpes in
the physlologleal reactions of the organism are causced by the
Influence of Individual Cactors of the medlum and what are the
resulta of the long=term !'ife activity of living organlasms In
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:éirtight compartments.

: In setting experiments in which the object of investigation 1is
man it is necessary to be particularly careful and precise in
- controlling the conditions under which the experiment is conducted
- .and the state of health of the subjects.

Long-term experiments were conducted in a specially equipped
type SBK-48 pressure chamber. The total net volume of this
chamber with the ailr lock is 9.8 m3, and the total airtight volume

equals approximately 15 m3.

In preparing the pressure chamber for conducting long-term
high altitude investigations it was necessary to introduce a
number of changes and additions to the construction of the chamber
and several of its constituent units. The purpose of these changes
was to increase the hermeticity of the chamber, to provide addi-
tional engineering and fire safety measures, and to create satls-
factory sanitary living conditious for the subjects.
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Figure 16. Schematic diagram of an air purification system.
J=egltituds chamber; 2--entry pipes; 3--exit
pipe; 4--dust filter; S5--air injection fan units;
6--filter, filled with chemical absorbent; 7--filter,
filled with silica gel (a), activated charcoal (b),
hopcalite (e¢); 8=covers.
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The flrat altitude chambers used were equlpped with
external life-support systems, enabling a glven gas composition,
temperature and humidity of the alr In an alrtight chamber to be
maintailned for several months, An external 1ife support system was
developed by B. A. Miloalavov, G. I. Badikov and A. V. Chashchln,

In order to provide for the possibllity of an extended human
gtay,the altitude chamber was equipped with a foldlng table
and bed, a soft armchalr, additional shelves for storing food sup-
plies, a wash basin, sanltary facilities jete. The altitude
chamber was thermally insulated. Along with a commerical aircraft
intercom type communicatlon devlice,the chamber was equipped with
a duplex communlcations sytem designed for continuous operatlon
for three months. /111
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Figure 17. Assembly dlagranm of a rotameter setup for measured ‘
' feeding of oxygen and ailr into an altitude 5
chamber. l=--RK=53 No. 2 oxygen reduced; 2--RS-3 :
rotameter: 3=--RK8=5 rotametery Je=RS-T7 rotameter;
he=alyr ffllter; 6=-T==aylphon valves; 8-=vacuum
valve,
Lime chemical absorbent, consisting of 97% calcium hydroxide
and 3% sodium hydroxide, was used as the baslc chemlcal absorbent.
| The alr purification system conslsts of two alrtight cartrldges
with fllters filled with chemical absorbent. The cart ridges are
placed outslde the chamber (Fig. 16) .
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Type "DV-2" fans driven by commutatorless capacitor motors
inject the chamber air through the filters. If the fans driving
the air through the chemical should cease to operate,the concentration of the
haxmful impurities given off by a man begin to increase in a manned airtight
cabin. According to the conditions of the experiment a brief increase in the
rertial pressure of carbon dioxide to 7.6 mm Hg was allowed.

According to the calculations made, the maximal permissible
carbon dioxide concentration (7.6 mm hg) will be reached after
approximately 2 hours.

Air was removed from the altitude chamber through two
pipes screwed into the chamber, aind the purified air was supplied
through a common pipe located in the upper part of the chamber.
This arrangement of pipes provided for uniform distritution of the
purified air throughout the chamber. The mean motlion speed of the
air in the chamber was 0.2-0.3 m/sec.

The air pipes are provided with folding hermetically closing
covers, used for cutting the system off from the altitude
chamber while replacing filters and performing repair work.

The use of such a system together with a measured oxygen
supply system makes it possible to ventilate the altitude 4G
chamber with an, atmospheric oxygen mixture with a given oxygen concentra-jgs
tion periodicaliy during an extended experiment (with the aid of
the RS-7 and RS-5 rotameters) (Fig. 17).

A cooling system with automatic temperature control, a /118
schematic diagram of which is shown in Fig. 18, was used for
maintaining a constant air temperature in the chamber.

In order to preserve a constant air temperature in the chamber
it 1s necessary that the power of the cooling unit correspond to
the thermal load, that is, to the heat flows in the chamber.

d;\r‘;'“ s

P d

The amount of heat given off by one man into the environment
fluctuates from 90 Kcal/hour at rest to 25J Keal/hour durlng
intense physical work. The limited mobiiity of subjects in a
chamber of small volume and the absence of Intense physical load
make it possible to assume the heat-evolution of one man to be
equal to approximately 100 Kcal/hour and for two subjects--
correspondingly, 200 Kcal/hour.
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The heat evolution of the electrical devices (electric lights,
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Figure 18. Schematic diagram of automatic temperature control
system. 1--FAK-07 U compressor; 2--condensor; 3--
receiver; U4--SBK-U48 K low pressure chamber, 5--TM-2 5

F type thermoregulatigg valve; b6--evaporator F=4.8 m“;
T--brine tank V=0.1 m”; 8--Gear-driven centrifugal

regulator pump; 9--cooling radiators, two; 1l0--radiator
casings; ll--cold air reflector; 12--air intake connection;

13--thermnostat; l4--fan unit.

condensation of vapor entering the chamber from humen respiration--q .,onq-
Vapor condensation takes place on the cooling surfaces of the radiator:

Qong = p(GHzo) man °*+ Kecal/hour,

where r is the latent evaporation heat: for water r = 539 Kcal/kg;

GH20-= 120 g/hour is the weight amount of water vapor given off by two f.f
subjects; o
/119 Ery

Y% ond .r'(GHZO) man = 539 - 0.12 = 64.8 Kcal/hour =

During the reaction of the absorption of CO2 by the lime E;

. G

chemical absorbent Qpegets P62t 15 also evolved: o3
Y

o
Ca (OH), + CO, CaCO3 + H,0 + 19.9 cal. g

The molecular welgnht of carbon dioxide equals 44, consequently, éf

19.9 cal 1s evolved upon the absorption of 44 g of carbon dioxide.
Two investigators exhaled 50 liters (an nour equals 87 g/hour cog).

Therefore, the heat evolution during reaction is:

Ureact = ig;gnﬁ—gl = 39,3 cal/hour.
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L Consequently, ‘the total amount of heat entering the chambver is -

Q(:cham) = ign = qr + Q111 + Uy * 9eond + Qpeact =
200 + 137 + 138 + 64.8 + 0.0" = 540 Kecal/day.

The cooling unit can be selected according to the amount of heat
load in the chamber Qc It is known that the cooling effect of
a unit depends on the Qggboration temperature of tne coolant.

We shall determine the required air flow thrcugh the radiator
(W_ ), 1f the heat flow in the chamber = 540 Kcal/hour, the air
teﬁperature in the chamber is +21°and the barometric pressures

are respectively 760 and 308 mm Hg

The unit weight of air at 760 mm Hg is 1.29 kg/m3. The output
temperature from the radiator, according to the results of measure-
ments made during the experiment, was 6°. This is the minimum
possible temperature since the temperature of the brine and |
the cooling surfaces of the radiator must not be below 0° lest
the surface of the radiator freeze because of moisture from the 3
air. If there is a higher temperature at the radiator output g
then 1t is necessary to significantly increase the air injection. '

Thus, at a pressure of 760 mm Hg W, is:

540 o 3
1.39.0.20(21=6) - 116 m“/h,

éhd with a pressure of 308 mm Hg in the chamber the required air
flow 1s increased and is:

1 _ . 760 3
Wa = 116 3—08- 286 m /h.

A D RS T YA

Elements of the cooling unit already described were used for
drying the air in the chamber. A schematic diagram of this system
is shown in Figure 19. This air drying system provided for main-
taining a relative humidity in the chamber of between U5 and 60%

during the long-term experiments,

The system described above provided for reliable and high
quality purification of the air in the chamber, and also for
keeping the temperature, humidity and oxygen percentage in the
chamber within the given limits during the entire experiment.
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Figure 19. Schematic diagram of air drying system. 1--
altitude chamber; 2--radiator-dryer; 3--baffle plate;

f——fan; 5--control tank; 6--vacuum pipe; 7--condensate
tank; 8--valve; 9--pinchcock; 10--valve; ll--pipes.

R

From graphs of the variation of the microclimate parameters
in the altitude chamber during the 62-day experiment, conducted
at an altitude of 7,000 m (308 mm Hg), it is obvious that (Fig. 20)
the carbon dioxide concentration in the air did not exceed 1.5 mm Hg.
(0.5%). Only before replacement of the chemical absoibent
cartridges (approximately only every 2-1/2 days)did its concentration
increase briefly to 2.2-2.8 mm Hg. The oxygen concentration in thz air
was majintained for the entire experiment within the range 56.4
-58.5%, that is, it deviated from the given value by not more than
1 !; .

The temperature and humidity control systems were also dis-
tinguished by their high accuracy. /121

Thus, the relative humidity remained within the predetermined
range during the entire experiment and varled between 52 and 65%.
The temperature in the chamber varied within the limits from +21 to
+23 degrees (the deviation from the predetermined temperature did
not exceed +1°).
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Figure 20 Nature of variation of microclimate parameters in
aicltude chamber.

Analysis of the accuracy of maintaining the parameters of the
gas medium showed that even with the introduction of two additional
experimenters into the chamber (for taking blood, air samples and
washing the skin for bacterial investigations) the life-support
systems did not vary greatly from the given parameters.

Periodically (at least once a week) conducted
analyses of the gas medium for the content of harmful impurities
in the alr of the altitude chamber (ror carbon wonoxide, anmenia,
aldehydes, hydrccarbons, and nitroren oxides, mercaptanes and
hydrogen sulfide) did not reveal the presence in the chamber air
of ammonia and aldehydes, which were dissolved in the condensate
removed from the chamber. The concentration of the remaining
noxious impurities, as a rule, were significantly below the
max imum permissible values.

These dato show the high operating stabillity of the 1ife 120
supprort system,

Analysis of the chamber air for the oxygen and carbon dioxtde
content was performed continuously an automatic pas analyszers of
the types OA-2209, UAV~-1 and URKV-1. 1In addition, every two to three
hours controlled analyses were made on an Orsat=Fischer type pas
analyzer.

A speclal system (Fig. 21) was used for taking samples of the
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Figure 21. System for taking samples of inhaled and exhaled air
from an altitude chamber in high-altitude
experiments.

inhaled and exhaled air in the "highealtitude" experiments.

Thus, the equipment used for regulating the microclimate in
the airtight chambers made it possible to conduct investigations
on the influence on man and animals of low barometric pressure
with an increased oxygen content in experiments lasting up to
100 days.

The englineering level and accumulated experience already make
it possible to use such equipment in experiments of greater dura-
tion.

For conducting investigations in an atmosphere with an increased
oxygen content 1t is necesary to have further analysis of a number
questions with regard to ensuring fire safety and, above all,
to designing clothing and bedding which do not absorb
oxygen. It 1s necessary to further perfect the equipment of
chambers designed for conducting long-term experiments in
artificial atmospheric conditions. The principal solution to /123
the prcblem is the creation of climatic altitude chambers
for conducting complex long-term investigations with maximum
approximation to space flight conditions: audial and visual
isolation from the external environment, special illumination
automatically and precisely controlled barometric pressure, gas and ion
composition of the air, and so forth.

The rapid rate of development of rocket construction and the
promise of the application of oxygenation for climatic purposes
stimulate medical and biological investigations and bring forth
new problems, in particular, with respect to the study of the
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operating characteristics and efficliency of lifesupport systems,
and the creation ot corresponding devices providing for the
physlological control of the state of a man and his working
capacit,; in unusual conditions.

3. RESULTS OF FHYSIOLOGICAL INVESTIGATIONS

As we have already indicated,the physiologlical reactions of tne
organism Juring an extended stay in a limited space have
been studied by many Soviet and forelign authors. It was establlishad
that under hypodynamia sericus functional shifts arise
which are expressed, in particular, in a progressive loss of
muscular strength, a significant shortening of the duration
of sleep, changes on the part of the cardiovascular system,
disturbance of psychomotor activity, worsening of working ability
and so forth. In this regard it ls of great theoretical and
practical interest to study the functions of the higher sections
of the brain, In addition, there is great significance in a dynamic
investigationor the bloelectric activity of the brain as an
indicator reflecting the gencieal tone of the human cortex during
an extended stay in artifical atmospheric conditions.

Modern achievements in the use of the conditiomedreflex metinnd
in combination with the EEG open new possidilities for studying
the mechanisms of the formation, reinforcement and extension of
temporary connections, permitting direct observation of the nature
of changes In cortical neurodynamics during the course of the
Investigation.

EEG AND CONDITIONED REFLEX ACTIVITY DATA /124

At present a small number of studies have been conducted
under prolonged adynania and isclation, in which, together
with other physiolopical indlcators the electroencephalopram was
also studied (F. Do dorbov et ale. 1908: D. I. Ivanov et al., 1%03),

For recording the blopotentials of the brain in long=term
experiments we used a bipolar (frontal-oceipital) pickup. The
first 10 days the electrodes for pleking up the bio~currents
of the bra'n were attached by means of special helmets which were
Kept on the head of the sublects night and day. On the rfollowing
days the electrodes were attaciied by means of special cellars
placed on the head only during the time of recording.  The BEd
fnvestipmations durdng the long=term experiments were made ointly
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with Ye. A. Il'in, and the conditioned reflex activity investiga-
tions=-Jointly with G. P. Doronin.

The bloelectric activity of the brain was recorded daily
at 0900, 1300, 1700 and 0300 hours. In addition, on particular
days the EEGs were recorded every 4-5 hours for studying the
nature of the daily periodicity of the bioelectric activity
of the brain.

The EEG analysis showed that during a two-month stay in
an alrtight chamber the sutjects maintained a prominent alpha
rhythm of sinusoidal. form. The frequency of this rhythm was 9-10
Hz. Alpha wave amplitude fluctuations were significant and
underwent regular changes during the course of the experiment. The
maximum alpha rhythm amplitude of 25-30 uv before the beginning of
the experiment increased toward the end of the first month in the
chamber on tha average up to 77-80 uv, and toward the 60th day--
to 87-93 uv.

Changes in the alpha index, that is the percentage ratio of
alpha waves to other EEG waves, are of great interest. On the EEG

of subject M this index on the first days of the experiment increased

on the average from 40-49%, and after which it gradually decreased
to 27%. The alpha index on the EEG of subject Ts. increased up to
the U40Oth day in the chamber to 53%, and then gradually decreased and
toward the end of the experiment it reached,on the average,27%.

The 8 rhythm was well proncunced in both subjects during the en-

tire experiment. Its frequency in N fluctuated between 16 and 24 Hz,

and in Ts.--16-20 Hz.

Analysis of the dynamics of the appearance of slow waves /125

revealed a significant difference between the subjects. Thus,
before the experiment the EEG of subJect M. displayed only

solitary slow waves of a frequency of 4-6 Hz. Subsequently these
waves began to appear at first in isolated groups, and then in

a greater number, and toward tne 50th day In the chamber slow waves
became predominant. 1In subject Ts. waves of a frequency of U-0 Hz.
appeared in a small amount only before the beginning of the experi-
ment and after the 50th day in the c.amber. During the entire
experiment both subjects had slow waves of a frequency from 0.5

to 2 Hz. 1In addition, the EEG of subject Ts. revealed hypersyn-
chronic discharges.

Recently the attention of doctors and biologists has turned to

the question of the rhytams of physiological processes. In
analyzing the obtained data we also turned our attention to the
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daily periodicity of changes in the bioelectric actlvity of the
cerebral cortex on different days of the experiment. It was
established that during the first month subject N. had an alpha
rhythm frequency of 10 Hz at (C.900 hours and at 1700 hours and at
0300 hours ‘the alpha rhythm decreased to 9 Hz. During the second
month in the chamber the alpha rhythm frequency at 1700 hours
remained the same, as also at 0900 hours, and at 0300 hours 1t
again decreased to 9 Hz. Finally, on the last days of the experi-
ment the alpha rhythm frequency remained constant during the day
and was equal to 10 Hz.

These clear dally variations in alpha rhythm frequency were
not observed on the EE3 of subject Ts.

The fact of a significant Aecrease in the alpha index from the
morning hours to the night hours is also Interesting. The subjects
retained this regularity only during the first month. Thus, if
the mean value of the alpha index of N. at 0900 hours during the
first month was 61%, then at 1300 hours it decreased to 47%, and
from 1700 hours to 0300 hours it reached 30%, that is, it became
half that of the morning hours.

The alpha index of subject Ts. at 0900 hours during the first
month was, on the average, 52%. At 1300 hours it decreased to 34%,
and at 1700 hours increased to 38%, still remaining 14% lower than
the alpha index during the morning.

In the second month of the experiment the alpha index of /120 |
subject N., on the other hand, increased during the evening and
nighttime. At 0900 hours it was, on the average, 21%, at 1300 ‘
hours--30%, at 1700 hours--32%, and at 0300 hours--31%, that is, }
higher by 10% than in the morning.

During the second month in the chamber the alpha index of
subject Ts. did not change significantly at any time of day.
Its mean value at 0900 and 1300 hours was 36%, and at 1700 hours
decreased to 35%.

A regular variation also was revealed in the daily fluctuations
of alpha rhy'hm amplitude. Thus, in the case of N. at 0900 hoirs
the alpha rhy.am amplitude on the average cqualed T4/18 wpv, at
1300 hours=--77/17uv, and 1700 nours --89/23uv and, finally, at
0300 h:urs--87/23, that is, during the night it alvays in-
creased, In the case of Ts. the alpha rhythm amplitude, on the
other '.and, always decreascd during the evening hours.

We sholl see that typological characteristics of the nervous
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system are_ ‘also manifested in the nature of the daily periodicity
of the bioelectric activity of the brain. In our subjects the
alpha rhythm amplitude during the time spent in the chamber

not only did not decrease, but, on the other hand, increased in
comparison with the original level. 1In the opinion of M. N.
Livanov (1960), such an increase is either a reflection of
synchronization of the electrical activity of nerve cells located
at separated parts of the cortex (forehead-oceciput), or is
connected with the influence of the reticular substance on the
cortex. The degree of synchronization of the electric potentials
of cortical cells reflect the 1level of activation of the cortex
by the reticular sutstance. While playing an important role in the
process of the formation of a conditioned reflex, the upper sections
of the brain cannot fulfill their role without the agency of
subcortical formations which perform transmission and distribution
of signals, and also regulation of basic nerve processes. With

a low level of cortical activation by the subcortical nonspecific
ascending system in a state of rest the cortical neurons are easily
drawn into coordinated synchronized activity, which leads to an
increase in the amplitude-.of EEG fluctuations with the cortlical
neurons in an inactive condition. M. N. Livanov considers synchro-
nization to be a condition of the cortex in which irradiation

both of the exciting and the inhibiting process 1s facllitated.

In order to study the functional state of the corte¢ s we /127
also used an electroenphaloscope instrument constructed by M. N.
Livanov and V. M. Anan'yev for multipoint recording (more than 50
pickups) of bioelectric potentials.l

The use of this instrument and the application of computer
technology for analyzing the data made it possible to study the
influence on the functional state of the brain of a 62-day stay
at an altitude of 7,000 meters in e..ificial atmospheric
conditions.

The biopotentiels repeatedly before the experiment and again after
it ended, were simulteneously recorded from 50 sections of the cerebral
cortex. To this end 50 needle electrodes were arranged uniformly

1We performed electroencephalogrsphy of the subjects before
and after the 62-day high altitude experiment in the laboratory of
M. N. Livanov with the participation of N. A. Gavrilova. The
data were processed on a computer.
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on the head with a neutral - . electrode on the chin. After
Suitable amplification the biloelectric potentials were displayed
on a kinescope screen.

‘ The stronger the negativity under an electrode was, the brighter
the illumination of the corresponding point on the screen was.
The brightness, and consequently, the degrce of negativity or
positivity were judged according to changes in the amplitude of
50 vertical columns, each of which corresponded to a specific
luminous point on the screen. The mosaic of biocelectric activity
appearing on the screen was recorded on motion picture film.

As the investigations of M. N. Livanov (1960) indicated, in
the case of conditioned reflex activity there appears synchronization
in the operation of individual sections of the cerebral cortex.
This signifies that a functional interconnection or correlation
is established between them., Hence the task was posed of explain-
ing what correlations occur in the cerebral cortex in a state of
rest under the influence of sound and light stimuli, and also during a
change in the functional condition of the organism in the course
of a 62-day stay in artificial atmospheric conditions at an altitude
of 7,000 meters.

Four groups with varying degrees of synchronization (inter- /128

_ecorrelations in the operation of sections of the brain, where
synchronization is understood to mean unidirectionality of changes
of biopotentials in time, were isolated on the basis of a theoreti-
cal Qaussian distribution. The first is the group of negative
interactioi, when the sections of the brain entered into inter-
correlation lasting from 0 to 22% of the time in question (1-1/2
seconds was taken as the unit of time in question). The second is
the group of independently operating sections of the brain with
inter-correlation limits from 22 to U44% of the time in question.
The third is the group of low synchronization with inter-correla-
tions from 45 to 75% of the time in question. And, finally, the
fourth is the group of high synchronization, where agreement in
operation of different sections of the cortex exceeded 75% of the
time in question.

Studying the nature of the bloelectric activity of the subjects'
brains before the long-term experiment. inade it possible to establish
the presence of a living diffuse-focal mosaic. Against a
background of approximately identical amplitude oscillations
(80-95 uv) there periodically appeared strictly low potentials,
the amplitude of which exceeded the remaining oscillations by
2 to 4 times. These centers of increased electrical activity
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were distinguished by great variability both with respect to
localization and to duration.

A comparison of the data on the functional interrelationshins
of different sections of the cortex with the topographical
characteristics of the conducting paths of the mosaic, made jointly
with our colleague from the Brain Institute, S. B. Dzugayeva,
permitted us to hypothesize that the high level of synchronized
activity of the cerebral cortex takes place because of short
assoclation fibers and callous body fibers. Evidently, in
addition to these formationsoof the brain, long assoclation fibers
also participate in establishing low=level synchronous activity.

Supplying sound and light stimuli led to a change in the
inter-correlations not only in the auditory and visual apparatus,
but also in the cerebral cortex.

After the subjects left the altitude chamber, where they
spent 52 days in artificial atmospheric conditions at an altitude
of 7,000 meters, new observations were made. Visua analysis of
the electroencephalograph data obtained indicate inat during an
extended stay in a closed chamber of small volume there occurs a
weakening of the excitation process and a shift in the interrelation
of baslic nervous processes in the direction of inhibitions.
This is indicated by the decreased mobility of the bioelectric /129
mosalc, disappearance of centers of increased activity :
and appearance of a special form of bioelectric activity--
"overflows."

The latter are characterized by the fact that the negativity
or positivity arising at a given moment in a more or less
extensive zone 1is accompanied by a process of the reverse sign in
adjacent zones. 1In the following moment the negativity and
positivity seemingly change places. "Overflows" are the result of
a spatial change of amplitudes and phases of the predominant
oscillations. The reticular formation probably also participates
in their appearance. The sound and light stimuli used after the
end of the experiment produced an extremely weak reaction in the
cerebral cortex of the subject and contributed tc an intensifica-
tion of "overflows."

Thus, the resultsof EEG analysis indicate that conditions of
prolonged Aimitation of mobility and a certain decrease in
sensory stimuli lead to a lowering of cortical tone, and that all
the above-mentioned changes, includinyg disturbance of the daily
periodicity of bioelectric activity, casically belong to the
second month spent in the chamber.

We propose that the described method of recording biopotentials
and analyzing them with the aid of a computer may be successfully
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used for analyzing actual problems of aviation and space medicine,
since it opens great possibilities for studying the activity of
such a complex system of interconnected nervous elements as the
brain. Studying the biocclectric activity of the cerebral cortex
of a man in an airtight chamber makes it possible at each moment
to determine the function of the higher sections of the central
nervous system and thus to introduce qualified medical control
over its condition.

In addition to studying the bioelectric activity of the brain
the conditlioned reflex activity was investigated inorder to make a
more in-depth study of the higher nervous activity and the level
of working apility.

In developing a method for investigating higher nervous /130
activity we proceeded from the fact that, for a man undergoing a
prolonged stay in an airtight chamber cf limited volume under conditions
of an artificial atmosphere, hypckinesia and isolation, the working
ability is determined first of all, by the ability to rapidly o
and errorlessly differentiate and solve mental problems of
different complexity with the retention of a high level of
coordination of motion while performing goal-directed activities.

For studying conditioned reflex activity, we used a method,
.which in essence required that the subject respond to different conditioned
- signals, according to a preliminary verbal instruction, with a motor
reaction, connected in the one case with solving specific
arithmetical problems and in the other with tracing different
geometrical figures. The stimulus stereotype was composed of
direct light signals (red. white, yellow. green)and verbal signals:
"white 1light," "red light," "blue lignht."

In each investigation a three digit number was given which
was the starting point for the subsequent solution of the problems.
The content of a problemwas determined by the conditioned signal.

With the white light switched on the subject had to write under
the given three-digit number the first two digits and perform
subtraction, for example 732 - 73. Addition of a three digit
number and its two final digits, for example 732 + 32, was performed
to the verbal stimulus "white light." To yellow light the subject
had to multiply the same three-digit nuuber by a two-digit number
consisting of its 2xtreme digits, that is, 732 x T2. With the red
light switched on t%e subject traced with an electrocontact pencil
a figure, consisting of two circles connected by a broken line,
to the green light the subject drew the outlines of a small square
in blue ink, and to the verbal signal "blue light"--the outline
of a large green square.
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An evaluation of the conditioned reflex reactions connected
with tracing figures makes it possible at the same time to con-
sider the state of differentiation inhibition, the speed of
response reactions (according to the time taken in drawing the
outlines of a figure) and the accuracy of reproducing a line,
that is, fine movement coordination.

In addition, at the second and sixth point in the stereotype
the inhibiting verbal stimulus "red light" was given, which was
not to be accompanied by any motor reactions of the subject.

The motor reactions in solving arithmetical problems and
tracing figures were recorded on an ink os'cillographic unit with
the aid of a special electrocontact pencil.
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Figure 22. Time of conditioned motor reaction of subject M-Ov
to red light.

In two long-term (60 day) experiments with four subjects /131
226 studies were made according to a previously developed and
reinforced stereotype. In addition, during the course of the
experiment a changed stimulus stereotype was presented 36 times.
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The changes in conditioned reflex activity observed in the case
of an extended stay under relative adynamia and isolation
were characterized, first of all, by a wavelike nature and a certa‘n
phasing in reactions (in different periods of the investigation).
This 1s manifested particularly clearly in the solution of
arithmetical problems.

During the course of the investigation the most pronounced and
clear changes in the nature of conditiondd reflex activity were
observed in the subjects in the case of the conditioned motor
reaction to red light, connected with tracing a geometrical figure.
From figures 22 and 23 it is obvious that the time taken for
tracing a geometrical figure increased from day to day. 1In
thls case the coordination accuracy did not change significantly.
If on the first days the time taken for tracing a figure was
15-20 seconds, after 30 days it was up to 25-28 seconds for the
same figure, and toward the end of the investigation (50-60 days)
it reached 35-37 seconds.
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Fig. 23. Time of conditiocned motor reaction of subject Ts-ko
: Lo red light.

Under luw barometric pressure the time required

for tracing also increased toward the end of the first month of
the experiment, however subsequently a decrease in this index was
observed.
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It 18 interesting that in the ground experiment the co-
ordination quality did not improve with an increase in the time
required for tracing figures, but at an altitude with a rarefaction
equal to 308 mm Hg, a decrease in the time required for reproducin®
the contours of figures was accompanied by a certain worsening of
coordination at the end of the experiment.’ This may possibly
explain the decrease in the time required for tracing geometrical
figures upon receiving different stereotype stimuli, which was
observed in the second month of the high altitude experiment. It
is interesting that in this period significantly more errors in
calculation are admitted. It is characteristic that most errors
(from 60-100%) were observed in performing the most complex task
which was the multiplication of two numbers (response reaction to
yellow light).

One of the indicators of conditioned reflex activity is the /133

total time spent by a subject in performing all the response

reactions determined by the stimulus stereotype. The stability

of the total time spent in performing a task characterizes the

end of the process of forming a dynamic stereotype. Analysis of

this indicator made it possible to reveal quite clearly in the

high altitude experiment the individual iifferences in the time

taken in performing a task for all stimull of the stereotype (Table

23).
TABLE 23

MEAN TIME OF PERFORMING MOTOR REACTIONS TO STIMULUS STEREOTYPE
AND DEVIATIONS FROM THE MEAN (SECONDS)

Deviation Difference
Mean time from the cetween
Subject of perform- mean on minimum and
ing task different days maximum value

Minimum Maxinum

A-ov 72.4 -24.,0 +24.9 48.9
Ch-ov 55.4 -11.3 + 8.7 20.0

In the ground experiment with N-ov and Ps~ko these differences
were less proncunced and basically related to the speed of solving
“arithmetical problems.

Both in the experiment at normal barometric pressure, and
in the case of the 62-day experiment in artificial atmospheric
conditions at an altitude of 7,000 meters (308 mm hg),the direction
" of changes in the time taken for tracing geometrical figures is
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identical, especially during the first month; that is, the time of
performing fine,coordinated response reactions increases.

Some decrease in the time of response motor reactions toward
the end of the experiment (especially in the case of the high-
altitude experiment), in our opinion, occurs because the very fact
of the end of a long-term experiment is a powerful second-signal
stimulus, mobilizing reserve compensatory-adaptive mechanisms
for maintaining the tone of the higher sections of the cerebral
cortex. In conducting long-term investigations it is noted thrt¢
evern, the moment of transition to the second half of the experiment,
irrespective of its total duration, is accompanied by signifficant
changes in the neuro-psychic cone and behavior of the subject.

This was manifested particulurly graphically in the high-sltitude /134
experiment.

In addition to the change in the motor function indicators,
the accuracy of solving arithmetical problems was 8lso significantly
disturbed at this period. The majority of calculation
errors were recelved in the second half of the ground experiment
(in eight of nine for subject N-ov and in 18 of 27 for subject
T8-Ko In the high-altitude experiment errors were observed primarily
at the end of the first month.

The periods of the greatest inhibition of cortical processes
were observed at the end of the first month in the high-altitude
experiment and on the L0-50th day in the grounu experiment. In
addition to an increase in the time taken for tracing figures this
period manifested an increase in the number of calculatien errors
and significant changes in the behavior of the subjects. Character-
istic features of this period were: emotional instability, irrita-
bllity, decreased motor activity, loss of interest in the studies
being conducted (sometimes to complete indifference), decreased
mental efficiency and memory of material read, weakening of self-
criticism, and sometimes even the appearance of a lack of disci-
pline. In the daytime the subjects were sleepy, and at night--
suffered from insomnia. During the first month of the experiment
both subjects exhibited a quite restrful and deep sleep. On an actogram
curing the course of the night (primarily during the period of fall-
ing to sleep) only solitary motor reactions were noted. During
the high altitude experiment the subjects complained of
dryness of the mucous membranes of the lips and eyes, which stopped
after two weeks. IMrom the beginning of the third week there were
increasing complaints of a "“sturfy feeling which appeared pericdically"
in the altitude chamber, especially at the time of physical exercises.

Toward the end of the first month chunges in behavior become
more pronounced: motor activity significantly decrease s,sluggishness
and slow reaction 1lests a long time in the morning; sometimes the
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subjects doze while recording physiological functions, and make
errors in switching the pickups. As a rule, they take a long time
in falling asleep and often wake up during the night. During the

day their mood changes often--periods of sluggishness and indifference
alternate with euphoria. Interest in reading fiction and specialized
literature significantly decreases and the subjects begin to get

bored with the monotony of the experimental setup. The subjects /135

do not always carry out precisely the schedule of the day and do

not show interest in prompt and accurate fulfillment of the

research program. The following remarks appear in the diaries:

"The day has no meaning for us--whether it's Sunday or a weekday.
It's all the same. The research program has become boring" (Subject
Ch-ov) "We don't do the physical exercises because we like them, but,
you understand, because they are necessary" (Subject Ts-ko). Appe-
tite noticeably./decreased toward the beginning of the second month
and the subjects systematically returned certain foods (fatty canned
meats, cheese, and others).

In the opinion of the subjects, during an extended stay in a
altitude chamber the weather has a significant influence on
mood: during sunny weather and on holidays the mood gets worse,
during bad weather--it improves. Such a seemingly paradoxical
effect is connected with the fact that the subjects connect good
weather and hclidays with thoughts of amusements, positive emotions,
of which they are deprived, spending a long time in a closed cham-
ber of limited volume.

Increasingly the subjects write about the monotony of the
experimental setup. For example, subject M-ov remarks: "Everything
proceeds monotonously. Every day 1s like every other day even more
than two drops of water; time passes slowly. I have little interest
in anything and no desires. Boredom has begun." The monotony of
the experimental conditions depresses the subjects and an attempt
to introduce variety and to restructure the established stereotype
causes dissatisfaction. It 1is characteristic that the subjects
even become bored with music. Repetition of the same musical record-
ings during the day causes irritation. The time sense 1s lost
and sometimes the subjects lose track not only of the date and the
month but also the day of the week.

Toward the end of the second month there appear in the
journals complaints of fatigue, rapid exhaustion after performing
physical exercise, and problems in coping with mental strain (even
in reading fiction).

At the end of the experiment, even though there were cases of
the dissatisfaction of the subjects with one another, this was not
significantly reflected in their friendly relationships. Diary
entries are indicative in this regard: "The time passes twice /136
as fast if you can feel your comrade's elbow." (Subject M-ov),
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"I always cheered up Slava when he got upset or depressed; we became
- very friendly during the experiment." (Subject Ch-ov).

On the 50th day of the high altitude experiment A. complained
of an unpleasant sensation in the muscles and joints: "Gnawing
pains in the joints, like rheumatism, appeared, which intensified
toward evening... after physical exercise these pains disappear.
To a somewhat lesser degree Subject Ch. experienced similar phenomena.

It also should be noted that the subjects frequently noted
the negative influence of the constant temperature in the cham-
ber on general well-being. From the 40-50th day they often began
to ask that the temperature be decreased to 17-18°, at which b
point their mood and sleep improved.

For several days before the end of the experiment the subjects
became more mobile and happy, they showed a tendency to make jokes,
showed interest in the research and a desire to communicate with the
crew on watch.

The theme of the end of the experiment predominates in the
diaries and the subjects summarize their impressions.

Thus, the data from observing the subjects also confirm the
conclusions of phasing and cyclicity not only in the physiological
reactions of the organism, but also in behavior.

The results of investigating the higher nervous activity in
the two long~term (multiday) experiments lead to the conclusion
that an extended (two-month) stay both at ground level, and at low
to308 mm Hg pressure under conditions of relative isolation end hypodynemia
lead to a lowering of the excitability of the central nervous
system. The greatest changes in cortical functions are noted in
the second half of the experiment and are characterized by a wavelike
nature and cyclicity. Observations of the subjects behavior, and
also the results of an investigation of conditioned reflex activity
and the bioelectric activity of the brain testify to the individual
typological characteristics of higher nervous activity and the
abllity to withstand prolonged isolation in airtight chambers of
small volume.

INVESTIGATION OF THE FUNCTIONAL STATE OF 4l§1
THE ACOUSTIC, VISUAL AND VESTIBULUS ANALYZERS

As a result of steadying auditory adaptation it was shown that
during an extended stay in a new acoustic environment there
occurs a certain lowering of the threshold of audibility in
proportion to the duration of the stay. This physiological
phenomenons in the opinion of G. V. Gershuni (1949), reflects
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the general adaptation of the organism to the new conditions.

The total noise level in our experiments was 60-65 decibels.
The spectral composition of the noise, recorded on ferromagnetic
film, was subsequently analyzed on a spectrograph. The auditory
sensitivity in the experiments was studied by Yu. V. Krylov.

The studles showed that basically highefrequency nolise, the
maximum amplitude of which vccurs in the range from 800 to 2500 cycles
per second, is generated in the operation of the lifeesupport
system. No significant differences are observed in the amplitude and
frequency characteristic of the noise in the control and high
altitude experiments, which makes it possible to relate the chang-
es observed in the functional systemsof the organism, in particular,
the acoustic analyzer, to the influence of other factors (low
barometric pressure, different gas ratio in the surrounding autosphere,
hypodynamia of relative isolation, etc.).

As a result of an investigation conducted in the 60-day ground
experiment it is established that the hearing threshold increases
by different frequencies in the different subjects. The highest
increase in the threshold . takes place at frequencies of 500 and
3000 cycles per second.

Against a background of a spread in the hearing thresholds,
during the second half of the experiment in bvoth subjects
there was noted a relative lowering of the hearing thresnolds by
5-15 db in relation to their highest values.

The dynamics of auditory excitability during the course of
the entire experiment are characterized by a definite wavelike
nature.

In the high altitude experiment the dynamics of auditory
excitability do not significantly differ from the data obtained
inthe ground experiment: There 1s noted a wavelike nature of
changes in auditory excitability, and a tendency toward a lowering
of the hearing threshold 1in subject Ch. by 7.5-10 db at all frequencies
investigated and in subject A. by 5-T7.5 db.

The sharp transition from ordinary life to conditions of a /138
prolonged stay in a closed airtight chamber of small volume was
accompanied by a restructuring of many previously former ingrained
habits. In studying the processes of auditory adaptation under
conditions of the short-term effect of noise on man, G. V. Gershuni
(1949) came to the conclusion that under the influence of this
factor ccocmplex restructuring takes place in the organ of hearing,
encompassing all units of the analyzer. Evidently, by increasii,
the time of noise exposure in the auditory apparatus, complex
adaptation processes develop, which during the first days of the continucus
action of noise are manifested in a raising of the threshold of
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hearin and,subsequently&in a lowering of the threshold of hearing.

This phenomenon may be taken as the outcome of the processes of
the organism's adaptation to a new,unusual environment.

The results of investigations of the visual analyzer, conducted
by Yu. V. Kamen'shikov, are given in Tables 24 and 25.

TABLE 24

STATE OF VISUAL FUNCTIONS IN SUBJECTS BEFORE
AND AFTER THE 60-DAY GROUND EXPERIMENT

Subject .
Ts-ko N-ov &
Before After Before After £
Experiment | Experiment | Experiment Experiment %
Acuteness £
of vision 1 1.8 1.8 2.0 2.0 ki
Critical fre-~ ﬁ
quency of 2
coalescence §
of flickering |33.6 33.3 35.0 34.0 §
Binocular vision Stable ﬁ
Nearest point of &
accommodation, ¥
cm 13.0 9.0 12.0 9.5 %
Nearest point of x
convergence, g
cm 14.5 12.0 7.5 7.0 1
Fusion rererves 8.0 7.7 8.3 8.3 é
Night virion, ‘
sec 25 23 20 21 &
Optic base Norm

From Table 24 it is obvious that the conditions of the experi-
ment did not have any influence on the majority of iInvestigations
of visual functions. Only the nearest point of accomodation in /139
both subjects at the end of the experiment came closer by 3-4 ecm, —
which was 70-79% of the original value. The nearest point of
convergence also came nearer by 2.5 cm in the case of subject
Ts-ko and by 0.5 cm=--in the case of subject M-ov (83 and 97% of
the original value). It is very provable that tnhis was the result
of the prolong>. stay in a compartment of limited volume, 'where

the subjects .1'1 not completely weaken their accommodation with
emmetropic ~{::o1lon.
128 :
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TABLE 25 5

STATE OF VISUAL FUNCTIONS IN SUBJECTS BEFORE AND Py &
AFTER THE 62-DAY HIGH ALTITUDE EXPERIMENT B
Subjects ¥
Ch-ov A-ov
Bef'ore ' After Before After
FExperiment Experiment Experiment Experiment
Visual acuity 1.28 1.05 1.28 o 1.13
Critical fre-
quency of
coalescence
of flickering 36.8 32.8 36.6 34.0
Binocular vision Stable
Nearest point of
accommodation,
cm 10.0 10.5 8.5 10.0
Nearest point
of convergence, .
om 7.5 9.0 7.5 8.5 L
Speed of visual : ’ ) ’ 15
perception 1| 0:13 0.17 0.09 0.11 f:
Color thresholds (X
1]3.0 4.7 3.0 5.0 ok
11 Ll.7 12.3 8.0 12.7 v e |
111 f3.7 16.6 10.0 18.3 é
Optic base Norm 3y

Ibight threshold of the experiment on the AN-506 anamoloscope;

I, II, III=--color receivers of the differential system of the eye.

Ten days after the end of the experiment the indicated function-
al changes completely disappeared.

As is seen from Table 25, after the "highwaltitude" experiment
there was an insignificant lowering of all visual functions
investigated which did not exceed the norms established for a
flight-surgeon's examination.

The binocular vision was astable. Incpection and photograpiy
of the optic base did not reveal significant changes. In investipa*- ;
ing the optic base after rotation on a centrifuge both before /140



and after the multiday experiment, there was observed a small expan-
sion of the veilns of the reticular membrane; the size of the artery
did not change.

Analysls of the results obtained showed that an extended stay
in artificial atmospheric conditions with a normal partial pressure
of oxygen in the surrounding air does not have an unfavorable
influence on the effectiveness of the visual analyzer.

Similar results are also obtained in our experizents with
respect to the vestibular analyzer (V. I. Kopanev). It was shown
that, although as a whole resistance to vestibular stimulations did
not significantly decrease, nonetheless, vegetative reactions to them
proved to be significant. The pronounced vestibular-sensoral
and vestibular-somatic reactions, observed during a prolonged stay
in an airtight chamber,testified to an increase in the excitability
of the vestibular analyzer.

In addition to data from illusiometry and the duration of EE f
postrotatory nystagmus , the most sensitive 1indicators character- 449
izing the functional state of the vestibtular analyzer during 8 R BY
stimulation are vegetative shifts. SRS B

Experimental investigations conducted earlier showed that a B
proper program of motor activity promotes stabilization of the W
physiological reactions of the organism (G. V. Altukhov, N. A. S
Agadzhinyan, 1961, et al.). 1L

The regular use of a speclal set of controlled physical
exercises can to a certain degree compensate for the unfavorabvle
effects of prolonged hypodynamia and isolation. A system of
goal-directed muscular efforts, fulfilling the natural requirement
for motor activity will maintain the general tone of the cortex -
and have a favorable influence on the condition of the different g
functional systems of the organism. In turn, stabilization of .
the physiological indicators will promote the maintenance of B
a sufficiently high physical and mental efficiency. The personal
interest of the subjJects, a sense of patriotic duty, and high
moral responsibility for the quality of work performed, may also
have great significance. The last factor 1s particularly important
in the case of extended space flights.

RESULTS OF AN INVESTIGATION OF THE rUNCTION /141 .fl

OF THE CARDIOVASCULAR SYSTEM AND EXTERNAL {1::
RESPIRATION N i

As is well known, the working capacity of the human organism
is most often limited by the functional capacities of clrculation

AlThe research was conducted together with our colleabues Yu. i,”‘
B. Bizin, M. M. Osipova and I. R. Kalinochenko.
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and respiration. The circulation and respiration functions are
important indicators in studying the influence on the organism
of an extended stay in sealed chamber of small volume under condi-

tions of a changed gas medium and low barometric pressure. The
purpose of our investigations was to make a comparative study of
the influence on functional conditions of the cardiovascular
system and respiration of an externded stay in an airtight chamber
~under ground and low barometric pressure conditions (308 mm Hg).

These investigations showed that a multiday stey by humens
under normal barometric pressure conditions does not
cause significant disturbances in the activity of the cardiovascular
system. Only some functional changes were observed on the part
of)the pulse, blood pressure, and respiration (Tables 26 and
27).

TABLE 20

CHANGE IN PULSE AND RESPIRATION OF SUBJECTS N-OV AND TS-KO
IN THE 60-DAY CONTROLLED EXPERIMENT (AVERAGE DATA FOR EACH

TEN DAYS)
Day of Pulse (beats per minute) Respiration
Experiment of subjects ~ (per minute)
of Subjects
N-ov \ Ts-ko N=ov Ts-ko
10th 49 66 15 10
20th 49 61 15 10
30th 56 69 12 9
4oth 55 65 10 8
50th 55 73 10 10
60th 59 74 9 8

In the case of both subjects there occurred a quickening of
the pulse toward the end of the experiment, a decrease in the
naximum and minimum pressure and a decrease in the frequency of
respiration. These changes were of a cyclic nature. Usually this
wavelike nature was repeated every 10 to 15 days and was more
pronounced in the first 30 days of the experiment.

Prolonged absence or insufficiency of movement not only lowers
the physical condition of a man, but also may entail a complicated
symptom complex of disorders, called "hypokinetic sickness" (Kraus,
Raab, 1961).
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TABLE 27

CHANGE OF MAXTMUM, MINIMUM AND PULSE PRESSURE OF SUBJECTS
AVERAGE VALUE FOR EVERY 10 DAYS OF THE
EXPERIMENT (mm. Hg)

Day of "Larth" Altitude 7,000 wm
Experiment N-ov Te ~Ko A-ov Cheov

] ™ o | = =t ot " e~

‘ .

IR AR AR I

AR IERE R R L
Befare 3 H a 3 H Y 3 8 & g &
Bxperiment 120} 60 | 60 | 121) 61 | 6af120] 60 |60} 130 | v0 |60
10th 1131 23 60 115] 60 55 118 61 5T 1116 60 56
20th 110] 50 | 60 | 109] %3 | 5of209f 16 | 53f117 |61 |a6
oth 100 47 | 62 | 110] 50 | eofres] w2 | ho [ 118 |58 |60
oth 104 KO 54 1101 »1 Sol1006 o0 | Ab 1120 | o7 58
50th 105 | 48 5 1001 51 H81104 F 55 1 U9 119 Joo [ B3
60th 107 | 48 | %9 1051 61 | SA{08 1 66 [ he JILT fon s

A oharacteriatlce example of auch dinondern 1a plven tn the
atudy by Taylor ot al.(1249) who, in atudying healthy, wvell-conditioned
young people after a three~week atay in bed, dlacovered an Increaae
in the oxygen depts a lowering of "breathing effiolencey"™ and
"heart endurance" (extreme tachycardia) in moaponac to a atandard
phyaical load.

The inereaaed pulse frequenoy under conditione of relative adynamia
may alao to some degree be explalned by dlaturbance of the cholnevgle
action of the vagus nerve, which la observed in the abaence of
neceanary phyaical activity. 'The predominance in thia pane of
the adrenergio action of the asympathetlo nerve leoada Lo &
volume ohange in the vessela and tlasuea,

Kh, 8. Koahtoyanta (1354) also referred to the exiatence of
a comneation between Lihe action of chemloal factora of nervoua
exoltatlon and the wetabollam of an Innevva’ od organ,

Evidently,tnhls alao explaing the lowering of Llood preanure /103
observed in our experimenta., Table 27 presenta data on the
change in blood presaure in the control and high.altitude oxperlimenta,

A3 a conaequence of the dlaturbance of the ratio of minimum

and maximun preasure,the pulse preaaure alse changed, becoming
morve significant in the high-altitude experiment. MThus, the
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difference between the initial and final values of the pulse
pressure in subject Aov was 14 mm hg.

In the investigations of Welch et al (1961) with subjects
staying for 30 days at an altitude of 5490 m,a lowering of the
dlastolic pressure with simultaneous disturbance of the excitabllity
of the cardiac muscle was also observed. The majority of authors
explain regular changes in blood pressure, both in the direction
of a decrease and of an increase, by a predominant raising or lower-
ing of vascular tone, in the first place, the tone of the precapil-
laries. The size of the pulse and minute volume of the heart
plays a significant role in the change in blood pressure. In
our opinion, changes in the interrelationship between the activity
of the heart. and the state of vascular tone, arising as & result
of a deficliency in motor activity in a small-volume chamber,
lie at the base of the changes in blood pressure observed in long-
term experiments.

TABLE 28

CHANGE IN PULSE FREQUENCY IN SUBJECTS N-OV AND TS-KO

AFTER PHYSICAL LOAD (IN PERCENT) IN RELATION TO CHANGES

IN PULSE DURING THE GIVEN TEST BEFORE THE EXPERIMENT,
TAKEN AS 100%

—

Time of Measurement After Physical Load (in minutes)

Day of 1 5 10
Experiment T8-ko N-ov Ts-ko N=-ov Ts-ko N=-0OV

8-11th 127 155 94 133 94 101
20-21st 143 . 156 100 140 - 120
30-33rd 141 130 132 133 122 133
41-47th 136 i56 120 137 109 130
57-60th 134 136 122 142 121 131

We did not discover significant changes on the EKG either /144

in the control experiment nor under conditions of an altitude of
7,000 meters.

Basically, the amplitude of spikes and the duration of intervals
on EKGs taken in a state of rest do not go beyond the limits
of physiologically permissible values. It is necessary to note
only a certain decrease in the maximum value of the P spike under
the influence of altitude. If in the ground experiment the maximuam
aplitude of the P-spike reached 3 mm, then in the high altitude
experiment it did not exceed 2 mm.
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Wavelike changes in the EGK spikes (P, R, T) were revealed
during the course of the long-term experiment with stability of
their time components (PQ;QRS).

For the purpose of revealing elements of deconditioning,the
functional capabllity of the organism in response to physical
load was determined, and orthostatic and Val'sal'va tests were
also taken.

The data obtained indicate that the degree of change in the
pulse after physical load depends on the duratinn of the experiment.
As a rule, toward the end of the experiment there was observed a
significant quickening of the pulse in response to a measured load
in comparison with the "data obtained on the first days. At the
same time, the time taken for the restoration of the pulse to the
original values increased.

TABLE 29

CHANGE IN BLOOD PRESSURE OF SUBJECTS (IN mm hg)
AFTER PHYSICAL LOAD IN THE 7,000 m ALTITUDE

EXPERIMENT....
. - ssbject A-oy
Day of before load after load (minutes) i
experiment ‘I 5th 10th 16th
" Bt 120060 | 1260 | 11565 | 110455 —
1041 117155 125,65 1560 | 110/60 112/50
15-ii 110.50 102/50 105/50 10555 | 100/50
20-i} 110457 110/60 105/55 100/50 -100/50
25-i 10()150 110/50 110/45 105,55 -
30-ii 1CN/50 125/60 120/60 11055 -
35-11 110/35 115/65 115/65 110/65 —_
40-1 110/60 110/60 105/55 112/60 -
45-it 105/60 100/55 100/55 -_ —_—
50-it 405/55 12570 120/70 120/70 —
55-1i 000 | 90/50 | 9550 | 108/55 -
Subject Ch-ov .
! After Load (minutes)
Before Load P 5th | 10th 15th
" 120165 12500 125/65 120/60 -—
110/65 125/65 118,65 12060 118/60
- 100/50 130/65 125/60 115/50 -
125/65 130/65 120/65 1186 -
118/50 115/55 125/65 - -—
120/70 120/70 118/70 120/70 -
140/80 133/80 140/80 . 130475 -
120/70 120/65 110/62 110/60 -
110/60 125/78 125/70 115/65 -
130170 115/66 100/50 100/55 -
12070 ‘ 125/73 12075 12075 -—
i




Table 28 presents the results of the change in pulse /145
frequency after physical load obtained in the control experiment.

As is seen from Table 28, the pulse frequency increased after
physical load in proportion to the duration of the experiment.
Thus, in the case of subject Ts-ko,on the 1lth day the pulse
frequency increased by 27% and on the 20th day by 43% in compari-
son with the initial values. Subsequently,the pulse frequency after
physical load remained at the same level.

The general tendency for the pulse frequency to change after
physical load was the same in the high altitude experiment as
in the control experiment.

The individual EKG component did not undergo significant
changes. The blood pressure did not significantly change after
physical load. Data on the change in blood pressure after physical
load in the high altitude experiment are given in Table 29.

As 1is seen from the data in Table 29, the blood pressure
after physical load increased insignificantly only on the first
1C to 15 days of the experiment. Subsequently it was maintalned at
a lower level than before load. The "negative phase" observed after
physical load is an indicator of fatigue of the cardiovascular
system and weak conditioning of the cardiac muscle due to an
insufficlency of motor activity of the subjects In a chamber of
small volume.

x
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s i experiment experiment

Figure 24, Diagram of X-ray plcture of subject N-ov's heart in
front right projection before experiment (solid line)
and after experiment (dotted line). T--diameter;
L-=-length; F--Area.

The X-ray studies of the chest and heart, made by P. M.
Ivanov and A. R. Mansurov before the beginning of the long-term
experiment did not reveal fresh focal or infiltration changes in
the lungs. The heart was of normal configuration, its contracting
Tunction did not have significant deviations from the norm. A
second X-ray study taken immediately after the end of the long-
term experiment showed that,both in the ground and high-
altitude experiments, no significant changes occurred in the lunec=:
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the depth of inhalation did not significantly change. In analyzing
the X-rays attention 1s drawn to the significant change in the
dimensions of the shadow of the heart (Table 30).

Jt proved to be the case that in the ground experiment the
sire of the shadow of the heart in both subjects became significant-
ly smaller than before the experiment, both in the systolic state
and in the diastolic state. The diameter of the heart was smaller
by 15 mm in subject N-ov, and by 11 mm in subject Ts-ko. From
Table 30 it is obvious that inboth cases the amplitude of heart
contraction did not undergo significant changes.

According to measurement data of the right and left halves of
the dlameter of the heart it is possible to note that there was
& somewhat greater decrease on the part of the right half. Figure
24 shows a diagram ol an X-ray plcture of subject N-ov's heart
before and after the 60-day ground experiment. X-ray studies
conducted 15 days after the end of the experiment showed a prac-
tically complete restoration of the functional shifts mentioned
above: the diametcr of the heart both In systole and in diastole /148
approximated the original, however the frequency of cardiac
contractions in both subjects still remalned quite high.

Considering the increased frequency of cardlac contractions
and the amplitude of pulsation immediately after the end of the
experiment, the decrease in the dimensions of the heart was the
result of changes which developed in the myocardium itself. These
changes obviously can be connected with hypokinesis and, conse-~
quently, they may be viewed as a vhenomenon of partial functional
atrophy.

While the phenomencn of functiocnal atrophy of the skeletal
musculature is well studied, with regard to the heart of a healthy
man there is very little information inthe literature., It 1s
interesting to note that the X-ray observations of persons subjected
to analogous Influences in an experiment lasting 30 days conducted
by P. N. Ivanov and A. R. Mansurov (D. I. Ivanov, et al,, 1963) did
not in any case show the presence of signs of functional atrophy
in the form of a significant decrease in the dimensions of the
heart. It is possible that these phenomena begin to develop and
become significant only after more than 30 days.

However, as is seen from Table 30, in the v2-day high altitude
experiment these phenomena could not be observed, which, partially
is explained Ly the more regulary perfomed physical exericse of
these subjects,

Dynamic observation of the degree and nature of the development
of and recovery from functional atrophy of the cardlac muscle has
important significance ftor the conducting of investigations connected
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with prolonged sStays under conditions of adynamia and isoletion.

The presence of these materials may lead to the organization
and correct evaluation of work and rest periods and prophylaxis of
the observed functional changes.

.. It is known that the change in gas exchange during and after the perform-
ance of measured work may serve as an index of the
working capacity not only of the respiratory, but also of the
cardiovascular system.

We investigated the influence of an extended stay in an airtight
chamber on the function of external respiration and gas exchange.
The respiratory minute volume (RMV) was measured with a dry gas /149
counter. The pulmonary gas exchange was investigated by the -
combined Douglas-Holden method.

, In the alrtight chamber the subjects breathed gas mixtures fed
into an altitude chamber; in the ground experiment the mixture did

not differ from normal atmospheric air, while in the high altituds
experiment it consisted of 5T% oxygen and 43% nitrogen.

The composition of the inhaled, exhaled andalveolar air was analyzed
on a Holden apparatus. A special system, consisting of two tanks
connected witr each other and with an altitude chamber, was used

for taking air samples. Samples of the alveolar air were taken

with a Holden tube fed into vacuumized gas pipettes.

For calculating the amount of absorbed oxygen, liberated carbon
dioxide and energy consumption with the aid of the tables we
developed (see Table 4), we reduced the RMV to standard conditions
(0 degrees, 760 mm Hg dry state), and in all remaining cases used
the actual RMV value.

The investigations showed that a gradual decrease in the
respiration rate is observed during an extended stay in an
altitude chamber.

The respiratory volume minute decreased from 6.7-8.8 liters
during the control period to 5.4-5.6 liters during the time the subject
spent in the altitude chamber. Also, in the second half of the
experiment the RMV decreased more than in the first. Thus, during
the first month the RMV decreased by 20.3% and during the second by 2k.8%.

Table 31 presents data on the change in the index of
pulmonary gas exchange. In the control period the oxygen absorption
was 222-302 ml/min. While the subjects were in the altitude
chamber the oxygen absorption decreased, and the maximum aecrease
in oxygzn absorption was observed in the second half of the experi=-:
ment. As a whole,during the entire time spent in the chamber the
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TABLE 31. INDICES OF GAS EXCHANGE AND BASIC EXCHANGE FOR AN EXTENDED STAY
' ' OF SUBJEC'I‘S IN AR AL‘I‘I&.UEE CHAMBER

— an e s me v e

\ | | S : S Period of after h
e Stic . Indices control . Day , of stay ih chamber offect (days) ~
of experiment Subject of gas exc pedod |77 1 - ) :
I l 6th | 18th » 20ty 83rd | 41t | asth | SBh | i srd 5
Ground | o Oxygen absorption,mi/min 302 150 | 195 198 240 [ 20| 260 | 20c| 20| 300 |
doxide extuea, 230 | 140 | 1C0 | 200 | 20| 10| 20| 25| 20| 2 '
ml/min i
ewpiratory coetticient | 076 | 093 [ 082 10 | 102 | 075 | 088 | 078 | 083 | 078
Basic exchangekeal/day [1434 | 744 | 941 ! 999 | 1211 | 948 | 1274 | 1305| 1403 | 1433 ’
i .. ;
7 6th | uwm : et | 29 | son| wrn | sentl m | 2ma
Toko |Oxygen sheorption, mimin 270 158 180 210 2i0 230 155 160 200 267
on di-oxide ex-haled, | 250 150 160 158 155 200 200 167 180 224
=3 cootticient | 093 | 10 | 089 075 | 074 | 087 | 120 | 098 | 0% | o84
L . N :
§ % exchange koalfday | 1339 778 834 995 897 1124 782 803 986 1205
2B : : : | ;!
o " 12th 20th 28th 36th 47th 60th . 2nd 8th 22nd i
c B ,
= with sonmal PO V- ,
7 2 Carbon dioxide exhaled, 164 | 112 | 169 143 125 | 124 235 | 200 187 |
mi/min
Respiratary.co-efficient 082 { 055 0.72 ) 0.97 0.93 1.4 083 1,05 0.88 074
Basic exchange keal/day | 1541 | 1965 | 0055 1256 | 1100 | 873 | 1043 1622 | 1508 | 1708
] . i
18th | 23rd 20tn 37t | 46th | down 20a | 8 | ‘2204
]
!M Oxygen absorption,ml 24 | 248 240 191 164 183 193 28 293 74 |
Cabon dioxide extaes, | 186 | 160 | 22| 175 156 | 197 | 173 206 | 221 ] 235 !
Respirstory co-efficient 068 | 064 084 091 0.95 1.08 0.90 0.90 0.75 0.85
- ;
L\g Basic exchange kealday | 1836 | 1650 | 1670 : 1355 1182 1330 { 1368 1613 | 2000 1901
H




basic volume decreased in the case of subject Aovdy 21.1%, in
the case of Cheovby 22.1% (high altitude experiment), in the case
of N-ov by 26.1%, and in the case of Ts-ko by 33.2% (ground experiment).

The decrease in the .indices of gas exchange end energy 4152
exchange in persons remaining for a long time in a state of
hypodynamia is also mentioned by D. I. Ivanov et al.(1963), Welch
et al-(1961) and others. In particular, D. I. Ivanov et al. (1963)
in a 30~day experiment with rarefaction of the air in an altitude
chamber corresponding to an altitude of 7000 meters, and a normal
oxygen supply to the organism, discovered a decrease in the basic
exchange by 15-20 percent on the average as compared with the
initial level.

Thus, in all subjects during an extended stay in a chamber
of small volume both under conditions of normal, end low (to 308
mm Hg) barometric pressure, there was noted slowing of the rhythm
and a decrease in the respiratory minute volume, oxygen consumption,
carbon dioxide exhalation and basic =xchange. In addition,
all the above numerated indices of the function of external
respiration and pulmonary gas exchange decreased more in the
second month of the experiment than in the first. Hence it follows
that the amount of basic 2xchange directly depends on the length
of time spent in a chamber of small volume.

The decrease in the oxygen consumption of the organism,
resulting from hypodynamia, is evidently a cause of the smaller
gas exchange indices. The decreased oxygen consumption of the
organism, in turn, led to a slower respiration rate and a lower
respiratory minute volume.

The long-term (62-day stay) at an altitude of 7,000 meters did
not have any specific influence on the state of the cardiovascular
system and respiration in comparison with the data obtained .. the 60-
day ground experiment. The observed functional shifts are connect-
ed with the gereral asthenization ol the organism and the lower
vascular cone primerily caused by the lack of motor activity and
lower nervous impulsation.

RESULT OF HEMOTOLOGICAL INVESTIGATIONS
AND CORTICOSTEROIDS

In selecting the atmospheric parameters of the airtight
chambers it was also important to explain the effect on blood

formation of an extended stay under conditions of a changes gas medium
and lover barometric pressure.
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The blood system 1s extremely unstable and reflect: the /153
effects of different factors of the external and internal environ-
ment on the human organism.

Hematological studies were performed by N. I. Yezepchuk by
the usual method in the course of the long-term experiments (high-
altitude and ground). In addition, the phagocytic activity of the
neutrophlles was studled.

The investigation showed that in the 60-day ground experiment
in the case of both subjects the number of erythrocytes, the hemo-
globin content, the color index, and the sedimentation rate did not
vary significantly. In the first seven days from the beginning of
the experiment the number of reticulocytes somewhat decreased:
in subject Ts-ko by 5%, in subject N-ov by 6%. However, this de-
crease did not go beyond bounds of permissible physiological varia-
tion. On the lkth and 28th day the number of reticulocytes .
increased to 10-12% in the case of subject Ts-ko and to 14-15% in
subject N-ov. Subsequently, an insigificant reticulocytosis was
maintained in both subjects up to the end of the experiment. During
the first week of the day there was also an insignificant anisocyto-
sis of erythrocytes and an increase in the number of thrombocytes
(from 267,300 to 418,000) per cubic mm of blood in subject Ts-ko
and from 239,000 to 488,400 in subject N-ov. By
the 35th day and bvefore the end of the experiment, the number of
thrombocytes returned to normal.

In the high-altitude experiment during the first 30 days the
number of erythrocytes in the subjects remained within the limits
of the initial values and only on the 38-4lth day was there noted
a small increase in the number of erythrocytes, which was accompanied
by an increase in hemoglobin content from 12-15 to 15.2-15.8 g%.
In subject A-ov, reticulocytosis up to 11-13% also took place. The
number of thrombocytes did not change during the entire experiment.

The total number of leucocytes fluctuated within normal llaits.
At the same time the ratio of formal elements of the blood was
somewhat disturbed. Thus, in subject N-ov,lymphocytosis up to
44¢ was noted (absolute amount 3220 with an original of 2500) and
the number of rod-nucleus neutrophiles increased to 6.5% on the
7th day and to 9% on the 60th day of the experiment. The relative
and absolute number of lymphocytes also increased somewhat in the
case of subject Ts-ko during experiments with a simultaneous
increase in the number of rod-nuclear cells to T¥.

In studying the leucocytic formula,initially,no significant /154
~nanges in the number of eosinophiles were revealed -
while in the second half of the experiment (from the 34th to the
35th day) the number of eosinophiles increased, which specifically
testifies to the additional strain of the organism.
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The data on the pPhagoceytic activity of neutrophiles are of
interest. According to the information available in the litera-
_ture, in healthy males . not subject to any outside influences_
phgggcytosis varies from 31-38%, the phagocytic number from 4 to 5 and the
phagocytic index from 1.3 to 2.

In the ground experiment from the 13th to the 27th day, activa-
tion of the phagocytic activity of neutrophiles was noted. Thus,
if in the case of subject N-ov on the 13th day of the experiment
phagocytosis was 60%, the phagocytic number 3.7 and the phago-
eytic index 1.86,° then on the 20th day they were respectively 89,

9.7 and 8.7 (Table 32), whereby these changes depended on the
increase in the percent of phagocytized neutrophiles and primarily
on the increase in the phagocytic number, since each neutrophile
captured more microbes than under normal conditions. At the very

end . of the experiment there was observed a second wave of
activity of the phagocytic reaction. The percentage of phagocytiz-
ing neutrophiles sharply increased.

TABLE 32

CHANGE IN THE PHAGOCYTIC INDEX
IN SUBJECTS DURING THE GROUND

EXPERIMENT
Day of Phagocytic index Day of Phagocytic index
experiment of’ subject experiment of subject
N-ov Ts=ko N-ov Ts-ko
13th 1.86 3.89 9th 1.44 1.10
20th 8.70 2.96 Oth 3.03 5.20
27th 6.40 -- 1 1lst day of 1.67 1.52
35th 1.89 0.62 aftereffect.
42nd 0.76 0.53 2nd day of 0.62 0.70
aftereffect

The wavelike changes in the phagocytic reaction were not of /155
a pathological nature since these indices rapidly returned to
the norm. However, this test, evidently, als¢ indicates the
functional strain of the organism.

In the experiment with decreased barometric pressure there were also cbserved,
from the 21st day in the case of subject A-ov and from the 3lst day
" in the case of subject Ch-ov, changee in the phagocytic activity of
the neutrophiles (Table 33). In addition, it
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waa found that the nunber of phagocytized neutrophiles
decreased somewhat, although each of them captured considerably
more microbes than under normal conditions, that is, the phagocytic
number and phagocytic index increased. A phase of suppression
preceded the increase in the phagocytic activity of the neutrophiles.

TABLE 33

CHANGE IN THE INDICATORS OF PHAGOCYTIC ACTIVITY
OF NEUTROPHILES IN THE HIGH-ALTITUDE EXPERIMENT

£

Indicators for Subjects 3

A=0V . Cheov H?.

Moment of Phago- | Phago- | Phago-|Phago- | Phago-| Phago- i
Observation cytosis| cytile cytic |cytosis}{ cytic eytic Pr.
% number | index % number | index %

b

I 82 3.06 3.01 79 5.0 3.94 &

Paporiment | 11| 67 6.02 i.19 78 3.7 2.9 20
II1 6U 7.02 4.99 70 3.8 2.71 B

Day of 21st{ 63 10.6 10.14 | 47 2.6 1.23 o8
Experiment |[31st] 57 | 10.5 8.43 61 10.4 8.5 g%
In order to show directly the effects of prolonged adynamia, decreased e
barometric pressure and relative hypodynamia and isolation 3?
on the hereditary structure of the organism,a comparative investiga- o2
tion of the chromosomes in a culture of the peripheral blood was B
conducted before and after the experiment. The frequency of 32
deviation in chromosome number berore and after the high-altitude o
experiment was determined in the leukocytes.l No significant Nt
changes were observed here. ok
But, a prolonged stay at a low barometric /156 '*7
pressure causes temporary fluctuation of specific 1indices of 3
the peripheral blood: the number of erythrocytes and the hemo- R
globin content increases, which may be consldered the result of -id
thickening of the blood due to an increase in moisture losses, and, ﬁ;

correspondingly, the number cof reticulocytes increases, testifying
to the activation of bone marrow blood formation.

3
7tE

£y

A wavelike fluctuation of the phagocytic reaction was observed.
However, the rapid restoration to the norm indicates that these

3

1The_se studies were conducted in the laboratory by A. A. Prokof'yeva- 51 4
Bel'govskaya _ ‘. '
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changes were not of a pathological nature.

In analyzing the resultsof hematological investigations it
is extremely important to establish the dependence of these
changes not only on the amount of the total pressure in the
alrtight chamber and the composition of the atmosphere, but also
on the nature of the bacterlial contamination of the chamber and
the neuro-humoral rearrangement appearing under these conditions.

It is known that under extreme conditions ‘there occurs a reorgani-
zation of the operation of the endocring glands ‘producing a change in the
exchange processes corresponding to the A
new conditions. A more pronounced rearrangement may be observed
in the cortical matter of the adrenal gland, in which connection
this gland is most often the object of investigation.

Activation of the function of the adrenal gland, as is known,
is observed under the effects of many stimuli, including some not
having a pronounced biologically negative value.

As G. Sel'ye (1960) noted, the excess development of cortical
steroid hormones may cause "adaptation sickness," entailing the
necessity of establishing the 1limits within which hyperfunction of
the cortex of the adrenal gland is useful for the organism.

The question of the role of the reactivity of the organism is
viewed one-sidedly in Sel'ye's conception. 1In his opinion, the

sickness "may be acquired with equal regularity through
the general effect of different pathogenic factors, that is, as
the result of nonspecific stress." Sel'ye considers "stress" or

"the general adaptation syndrome," to be a stereotypical protective
physiological reaction of the organism to "conditioning factors"

of exogenic and endogenic¢ nature, in which the hormones of the
adrenal gland cortex and the front part of the pituitary gland
participate.

There 1s no doubt that the level of functioning of the /157
cortex of the adrenal gland will in each conerete case depend
not only on the nature and amount of extreme outside influences,
but also on the individual characteristics of the organism.

It seems to us that one of the deficiencles of Sel've's conception
is the absoluteness of his concept of the nonspecificity of
different stress factors. Stress effects, although they cauce a
standard reaction of the adrenal gland cortex, probably
perform this by means of different afferent paths and not through
some single "stress mediator," as Sel'ye, advancing
the establishment of the nature of this mediator as a basic
problem, believes.
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It is difficult to assume that the influence on the adrenal
gland cortex of such factors as pain, oxygen starvation, hypoglycem=-
; ia or hypological shock, is manifested along the same paths. In
this connection it was extremely interesting to evaluate the
functional state of the human organism by studying the output of
" IT-oxycorticosteroids in the long-term experiments and T
comparing the data obtained with the diuresis values. 1

o The amount of corticosteroids in the urine was determined by
reaction with phenylhydrasine proposed by Zalber and Porter.

Usually, the amount of 1l7-oxycorticosteroids eliminat-

ed from heaichy persons, according to the data of N. A. Yudayev,
is 4 mg per day. It is also considered that during the night time
the elimination of steroids is lower than in the daytime. Accord-
ing to the data of I. F. Balakhovskiy (1962), the average elimina-
tion of 17-0OH oxyccrticoustiercids in eleven soldiers on special
duty was 3.7 mg per day, and in the period when they performed \
parachute jumps, it was 5-8 mg per day.

'ne results of our investigations showed that both in the
60-day ground (control) and in the 62-day high-altitude experiments
the elimination of corticosteroids was within the limits of the
upper boundary of the norm, namely: in subjects N-ovand A-ov,
during eight days the amount of eliminated steroid hormones was less
than 5 mg per day only three times, and in subjects Ts-ko and Ch-ov it .
did not once drop below 5 mg per day.

In analyzing the dynamics of changes in the activity of the /158
adrenal gland cortex we established that the subjects experienced
no significant differences in the elimination of “17-
oxycorticosteroids in the long-term experiments.

In the case of subjects A-ov and Ch-ov, 1n addition to the
total amount of eliminated corticosteroids, their elimination by
fractions during the day was investigated: the urine was collected
every four hours during the day, and every eight hours at night.

In all days investigated the amount of hormones eliminated at

night was less than during the day. The daily rhythm of eliminating
17 -oxycorticosteroids was the normal one characteristic for

healthy individuals. No significant difference was observed in

the elimination of 17-oxycorticosteroids in the subjects

who spent an extended period in the altitude chamber in

normal atmosphere conditions and in low barometric pressure conditions

(7,000 meters).

1The investigation of corticosteroid hormones was conducted in the

laboratory of I. F. Balakhovskiy.




:~  During an extended stay in a closed chamber of small volume in
conditions of hypodynamia and relative isolation,significant
changes appear in the functional state of different physio-
logical systems of the organism. The application of maximum
outside influences creates conditions under which the requirements
for the smooth functioning of the systems ywhich provide for the
support “of the organism and the. appearance of protective and adaptive
\reactions, are sharply incressed.

In stndying the reactivity of the organism before and immediately
after the experiment we performed functional tests on
the resistance to radial acceleration, oxygen deficiency and
intensive physical exercise. The level of the compensatory capa-
bilities of the organism decreased in all subjects after an
extended stay in a chamber of small volume. Therefore, a specilal
complex of measures was developed which was directed toward
maintaining the efficiency level of the subjects with the inclu-
sion of physical exercises and regulation of the parameters of
the gas medium in the cabin (periodic lowering of pO2 and raising
of pCOz).




CHAPTER 1V /159

THE INFLUENCE OF HIGH OXYGEN CONCENTRATIONS ON
: THE ORGANISM

Interest in the problem of hyperoxia has significantly in-
creased in connection with the use of pure oxygen for medical pur-
poses in clinical practice and for breathing by pilots and
divers.

There has been an especlally extensive development of hyperbaric
oxygen therapy, which has essentially become an independent divi-
sion of medical .cience. The contemporary understanding of the
oxygen regime of the organism and its regulation have made it
possible to use oxygen (at normal and, especially, high pressure)
for curing diseases and, in particular, in performing operations
where the ordinary means of supplying the tissues with oxygen are
excluded.

The high degree of effectiveness of elevated oxygen pressure
in the case of hemic forms of hypoxla was experimentally proven
in the classic experiment of tHaldane, where animals, suffering
from carbon monoxide poisoning, survived in a medium with high
oxygen pressure because of the transfer of oxygen in the dissolved
form to the tissues by the blood plasma. However, in clinical
practice oxygen under high pressure has begun to be used only
recently, for example,in the case of different types of ischemlc
hypoxic conditions (disturbances of the cerebral and coronary
circulation, in the case of anaerobic infections and so forth),
and also for improving the results of radiation therapy of malig-
nant neoplasms and attenuating general radlation reactions. The
use of oxygen therapy after irradiation decreases to a signiticant
tissue hypoxia, improving reduction and oxidation processes.

What are the physiological grounds for oxygen and hyperbaric
oxygen therapy? The oxygen reserves in the human organism are
extremely small. It hasbeen experimentally established that the /160
organism contains around 2-2.5 liters of oxygen. As we have
already lndicated, the small reserves of oxygen in the organism
completely satisfy the physiological requirement of man and animals
when these reserves are constantly renewed from the surrounding
atmospheric air. Threatening symptoms, indicating severe dis-
turbances of vitally important funcvions of the orsanism,
begin in man long before the disappearance of all the oxygei. reserves
in the organiem.
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e The literature contains information on the great effectiveness

- of oxygenation: of the organism and the possibility of prolonged

periods of stoppage of respiration and circulation. However, in

the majority of cases these conclusions are made by means of

~simple calculations and are not based on sufficient experimental
material and in depth analysis from the vantage point of contemporary ,, ‘
knowledge concerning the oxygen regime of the whole organism or of B

isolated organs or tissues. _ . ‘X

. By breathing oxygen, particularly under elevated pressure, -8
the oxygen reserves in the organism may be increased. Thus, for ?
example, theoretical data, which were subsequently verified and .
confirmed experimentally, indicatethat at a pressure of 3 atmo- :
spheres the amount of oxygen contained in the lungs increases by :
almost 18 times (by 6 times due to the fact that almost the entire .
volume of the lungs is filled with oxygen, and by 3 times because b
of the gas density). If this volume is reduced to standard condi- %
tions (STPD), then it turns out that in this case the oxygen
content in the lungs is 9 liters, that is sufficient "reserves" -

to supply the requirements of the organism for 30-45 minutes.

In addition, different ratios occur in the blood. When 2
breathing atmospheric air,the arterial blood contains 18-20 ml s
of oxygen in the bound form (oxyhemoglobin) per 100 ml of blood.
The dissolved oxygen contained in the plasma is,in toto,0.3 ml g
per 100 ml of ar-erial blood. 4

i

It is known that even in ordinary conditions almost the en-
tire oxygen capacity of the hemoglobin (95-97%) is used. Breathing
pure oxygen, even at high pressure (3 atmospheres), leads to an

increase of the p0O, in the alveolar air from 100 to 2200 mm Hg 3
(in breathing pure“oxygen in atmospheric conditions p,0, increases i
to 675 mm Hg). In addition, the gradient between pO2 in the alveoli :f
and the alterial blood sharply increases and instead“of the usual 13
5-10 mm it is around 200 mm. However, the significant increase l61%1

in pO, in the arterial blood observed here leads only to a small
increfise in oxygen content (3-5%) due to additional bonding of
hemoglobin and, in agreement with the Henry-Dalton law, to an
increase in the oxygen absorbed in the plasma from 18-20 to 25-27%
by volume), providing for the oxygen requirement of the organism
for only several minutes. Consequently, it is much more difficult
to create significant oxygen "reserves" in the blood and in the

tissues, than in the lungs. i:

As a result of experimental studies with the use of the §
polarographic method it has been established that by raising A
the pO2 in the inhaled air by five times in different tissues of &
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animals (rats) there was observed a comparatively small (30-40%)
increase in oxygen pressure (A. A. Vishnsvskiy et al, 1967). The
use of high oxygen pressure for breathing in some experiments led
'to the appearance of oxygen convulsions. The authors showed that

a significant effect of oxygenation under pressure is observed

when breathing is stopped and circulation retained and a very

moderate effect when circulation is stopped, since a small oxygen
reserve ls created in the tissues. In striving to increase these
"reserves" one must not forget that breathing pure oxygen even at
ordinary ground pressure has a pronounced toxic effect. An un-
reasonable attempt to obtain an "infinite" increase in the oxygen
content in the blood and tissues may lead to the opposite result,
since in breathing pure oxygen, even under ordinary pressure,
"hyperoxic hypoxia" develops in the human and animal organism and
dangerous symptoms of oxygen poisoning appear.

Experimental investigations of the influence of an increased
partial pressure of oxygen on the organism of animals were begun
in the last century. However, even now it is still not possible
to explainsufficliently the pathological effect of high oxygen
concentrations and the resultant physiological shift.

In the opinion of a number of scientists, in breathing pure
oxygen its influence during the first hours may lead to disturbance
of the Bohr effect. Gesell (1925) first turned attention to the /162
disturbance of carbon dloxide transfer in the case of high degrees
of oxygen saturation of the blocod. When breathing pure oxygen
the hemoglobin of the blood is almost completely oxygen saturated
and is reduced by a small amount. Moreover there is a large
amount of dissolved oxygen in the plasma. Therefore, the tissues,
in consuming oxygen, do not decrease its content in the blood to
the usual level. Since hemoglobin in normal conditions bonds
more carbon dioxide, than does oxyhemoglobin, in a hyperoxic
medium the venous blood is richer in oxyhemoglobin than usual,
and, consequently, incorporates less carbon dioxide. The trans-
port of carbon dioxide by the blood is hindered. All this leads
to an accumulation of carbon dioxide in the tissues and the
development of acidosis, which in turn causes amplified ventila-
tion. In confirmation of this theslis Gesell mentions that
during physical exercises or upon the inhalation of gas mixtures
with a high .arbon dioxide content hyperoxic convulsive attacks
are intensified. Recent experimental data have shown that the
process described above does not play a leading role in the
pathogenesis of oxygen poisoning. 1In the light of this concep-
tion the different toxic effects of oxygen with different partial
pressures and the development of toxic edema of the lungs
remalin incomprehensible. Superfluous argument against
Gesell's conception is that some organisms are more sensitive
to oxygen than to carbondioxide. There are also other hypotheses.
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Thus, according to the data of Lemann (1935) and Massart (1936),
'in raising the partial pressure of oxygen,enzyme activity is dis-
turbed due to blocking and conversion to an oxidized form. Dis-
turbance of the activity of these enzymes 1in turn leads to the
cessation of the function as catalysts of the reduction, and also
to an lncrease in the content of organic acids in the blood. There
are grounds to assume that an increased oxygen content causes not
only inhibition:of the activity of some enzymes, but also of their
dysfunction, in particular, selective damage to sulfhydryl enzymes.
Haugaard (1946) considers that during the period before the beginning
of a hyperoxic convulsive attack there occurs inactivation of an
enzyme containing a sulfydral group, with the exception of cholin-
estase. In his opinion, the chemical mechanism of this activity

is connected with the oxidation of the SH group to the inactive
S-8 group.

The inhibition of enzymatic mechanisms is confirmed by the /16
data of Stadie et al.(1944) who determined in vitro a 30% decrease
in cellular oxidation in the lung of a dog placed for two days in
an atmosphere of pure oxygen at a pressure of 760 mm Hg.

Breathing oxygen promotes more rapid oxidation of incompletely
oxidized metabolic products (lactic acid, acetone bodies etc.).

I. M. Dedyulin (1941) carried out considerable research on
the influence of hyperoxia on the biochemical factors of the blood.
The observed changes, in the author's opinion, basically result
from a shift in the acid-base equilibrium.

In a number of investigations 1t 1s shown that in the process
of breathing pure oxygen the histamine content in the pulmonary
tissue increases (Groduot, Chome, 1965). Evidently this may also
explain the increased toxicity of oxygen upon the introduction of
adrenocorticotrophic hormones and cortisones.

Oxygen may act on oxidation processes both directly and
indirectly, influencing the enzyme systemn.

Ye. M. Kreps (1945) mentions a change in the activity of
carbon anhydrase in human blood in conditons of hyperoxia. According
to his data, the fluctuations in the activity of this ensyme are
performed with the participation 6f the sympathetic nervous system
and are of an adaptive nature,.

At the present time there exist numerous theories concerning
the significance of the peroxidation of fats in the manifestation
of oxygen toxicity (Mendel et al.1964, and others). As is known,
peroxidation leads to the breakdown of polyunsaturated fatty acids.
These compounds make up the bulk of the membranes necessary for normal
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5?6911 functioning.

- Disturbances in the activity of the endocrine system play an
important role in the genesis of the toxic effect of oxygen (Camp-
bell, 1938; Bean, 1945). An increase in the arterial oxygen pres-
sure leads to a narrowing of the vessels, which in turn decreases
the amount of oxygen used by the brain cells, while an increase

in the venous and tissue carbon dioxiae pressure, in Bean's
opinion (1945), on the other hand, produces a vessel-expanding
effect in the tissues of the brain and an increase in oxygen
pressure at the brain cell level. Lambertsen et al.(1953) _ /164
fobserved in these conditions a decrease in the amount of blood flowing

to the brain. Because of the harmful effects of pure oxygen, scientists

for @ long time could not bring themselves to conduct experiments on human
_belngs. Moreover, some authors even warned against the therapeutic use of
_pure oxygen for more than two hours (Plesser, 1937).

At the present time the reaction of the organism to short-
term moving of pure oxygen has been quite well studied, not only
in experiments on animals, but in physiological studies on human
beings. The existing long-term observations in the areas of
clinical practice and aeronautics testify to the absence of sig-
nificant disturbances arising during the brief use of pure
oxygen in conditions of normal or lowered atmospheric pressure.
All this indicates, on the one hand, the important significance
of the time factor in the pathogenesis of oxygen poisoning, and
on the other, the complete functional reversibility of the changes
which develop in the first hours of breathing pure oxygen.

In 1939 the first experiment was conducted in which people
breathed 90% oxygen at normal pressure (760 mm Hg) for three days
(Becker-Freyseng, Clamann, 1942). '

In beginning their investigations on human beings, the authors,
on the basis of a comparative analysis of the literary data,
proceeded from the working hypothesis that the survival rate of
animals breathing high concentations of oxygen should increase
in proportion to an increase in the size and total surface of the
body with its correepor ling decrease in relative metabolic
intensity, and consuquently, the harmful effects should decrease.
From this point of view,especially favorable ccnditions, in the
author's opinion, are created for man.

It is estabiisned that when breathing pure oxygen in normal
atmospheric conditions, mice and rats, as a rule,die after approxi-
mately 45-80 hours, guinee pigs and rabbits after 90-100 hours, dogs and
cats after 60-150 hours and monkeys after 150-216 hours. The simplest animals

and arthropods do not die in these conditions. Evidently, cold- /16
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<blooded animals possess high resistance to oxygen because of the
relatively low body temperature. Turtles and frogs

survived in an oxygen atmosphere at room temperature for an

' indefinitely 1long time. How:ver, at a pressure on the order of
several atmospheres, pure oxygen - even if breathed for a brief

period - proved to be fatal for all animals, first attacking the nervous
system

;.S": T e s

Data on the influence on the organism of breathing pure oxygen
at pressures above 1 atmosphere are presented in detail in the
?ongggaphs of G, L. Zal'tsman (1951) and A. G. Zhironkin et al

1965).

~ In the experiment of Becker-Fraysing and Clamann (1942) their
_initial hypothesis of the very great human tolerance of high oxygen
concentration was not proven. Already on the second day their subjects
exhibited a significant decrease in the vital capacity
of the lungs, an lincrease in body temperature and an increase in
pulse rate. In addition, in the peripheral blood there was
observed a moderate decrease in the hemoglobin content, and an
increase in the numberof erythrocytes and leucocytes. At approxi-
mately the same time in both subjects paresthesla appeared, ini-
tially on the fingertips and then the toes (itching and numbing);
at times pains arose in the knee joints. The blood pressure here
remained practically unchanged. The alveolar carbon dioxide
pressure decreased significantly in both subjects (to 28-30 mm Hg). _
These phenomena continued to intensify and after approximately 60 ?
hours nausea began, there was continuous vomiting of mucous '
and the experiment was quickly stopped. :

Later, Bean (1945) conducted similar studies on volunteers
who for 65 hours continuously breathed90% oxygen at normal atmos- .
pheric pressure. This experiment also had to be stougped due to §
significant disturbance of breathing. i

The histopathologlical-anatomical studies conducted by Gable
and Townsend (1962) on casualties of aviation disasters (50 people)
showed that a thickening of the alveolar membrane in the form of :
caplillar platelets was noted in jet pilots. 1

Comroe et al.(1945) obtained interesting data on a great 3
amount of experimental material. Having studied 90 persons, the
authors established that upon inhaling oxygen at normal pressure
the subjects complained of chest pains (in 82%), on the average 4
appearing 14 hours from the beginning of the experiment,
coughing (in 50%), painful sensations in the throat (in 32%),
pains in the ears (in 28%), fatigue (in 25%). In individual |
cases there are pains in the Joints and muscles, occasional ¢
pains in the extremities, nausea and dizziness (in 7 subjects).
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The authors explained the chest pains by the development of tracheo-
bronchitls and damage to the pulmonary parenchyma. According to

the opinion of N. N. Sirotinin (1952), an inflammatory reaction of
the pulmonary tissue becomes distinct in animals after approximately
two days in an oxygen atmosphere. Pathological changes are noted
not only in the lungs but also in the liver, heart, spleen,

kidneys, and intestines. Plethera, congestion and degeneration

of the cardiac muscle fibers were revealed. A number of authors
consider the changes in the myocardium to be secondary, arising

due to the hypoxia which develops as a result of severe pulmonary
damage (Kaunitz, 1942, et al.).

Dickens(1946) indicates a gradual and irreversible disturbance
of cerebral tissue restoration under the influence of oxygen,
whereby different tissues possess different resistances to oxygen.
The author determined the following order of tissue sensitivity to
oxygen: cerebral cortex (homogenates) greater than cerebral cortex ;
(pleces) greater than spinal cord greater than liver greater than ipg
testicles greater than kidneys greater than lungs greater than ”‘E
muscles.

In connection with the wide use of oxygen inmedical practice
and aeronautics in recent years investigations were conducted to
explain the pathogenic effect of pure oxygen on the organism and
to develop preventative measures aimed at providing for safety
when breathing high oxygen concentrations. These studies made use
of a wide arsenal of physiological, pathomorphological and clinical
methods of investigations.

A e T
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An analysis of the data in the literature shows that increas-
ing the oxygen pressure in the blood produces a complex effect on
the organism. The nature and degree of the changes occurring in
the activity of different systems and organs depends on the partial
pressure of oxygen in the inhaled air and the dAuration of its
influence.

However, despite the great number of fundamental studies /167
on the influence of the toxic effects of oxygen on the organism,
many aspects:of this problem have not yet been sufficiently
studied. There 1s little information about the permissible level
of the partial pressure of oxygen in the atmosphere of manned
airtight cabins, and of the influence on the human organism of
different oxygen concentrations in the inhaled air during an ex-
tended (multiday) stay in conditions of normal and low barometric
pressure. ’

PERMISSIBLE p02 LEVELS IN INHALED AIR

Until recently the majority of authors have considered that the
maximum pO2 level which a man can endure is on the order of 425 mm He




_(Becker-Freysing, Clamann, 1942; Welch et al., 1961, and others).
In our opinion there exists a direct connection between the maxi-
mal permissible oxygen level and the breathing time. With
prolonged breathing even smaller amounts of oxygen may have a
toxic effect, while even higher oxygen pressures do not cause
pathologlical dist.urbances with brief breathing. If the pO
significantly increased, then changes in the lungs begin after
several hours. Contradictory information is given in the
literature concerning the threshold and permissible p0O, levels
in the inhaled air. In rats that had spent time in a pare oxygen
environment at a pressure of gbout 450 mm Hg, disturbances of the
pulmonary function, and in some cases, death were observed (Dick-
erson, 1964, et al.). Campbell (1938) in experiments lasting 33
‘days did not establish in various animals any harmful effects of pure

oxygen at a pressure of 433 mm Hg. According to the

‘data of Brooksby et al.(1966), the threshold 1level at which
oxygen causes functional disturbances in mice and rats 1lies
between 550 and 650 mm Hg.

Interesting data were obtained by Robinson et al. (1966) in
experiments on monkeys (Macaca Mulatta) that spent seventeen days
in an atmosphere with a high oxygen content--96-98% at pressures
of 600, 650, 690, 725 and 760 mm Hg.

Thirty-seven monkeys took part in the experiment, 25 of /
them experimental and 12 control. As in earlier experiments
by other sclentists, the authors noted breathing disorders.
After 5-7 days the monkeys suffered from progressive depression,
they bunched up, became completely inactive and remained in this
position untlil death. The lungs of the monkeys that died were
bloodless, reddish-brown or orange in color, with a completely
dry surface and hard structure (tunnels in formalin). While in
the 12 control monkeys the weight of the lungs did not exceed 1%
of the body weight, in the animals which died the lungs weighed
from 2.23 to 3.39% of the body weight. Inthe first U8 hours
fatal forms of intercurrent pneumonia were observed. Fluid trans-
udate filled most of the centrally located alveoli, The authors
note that during this period death may occur from anoxia. Begin-
ning with the fifth day the alveola boundary cells became signifi-
cantly larger and young fibroblasts appeared. At a prossure of
600 mm Hg not one monkey died. However, insignificant focal
proliferative changes were also observed in these animals.

Similar changes in the organs and tissues of different animals
were observed by other investigators (Bean, 1945; I. S. Balakhovskiy et al.,
1962, and others).

Schaefer (1964) presents somewhat different data in his study.
In his opinion, at ground level pressure a 504 mixture of oxygen
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and nitrogen (which corresponds to a p02 in the inhaled air of
360 mm Hg and in the alveolar of 300 mm“ Hg) is the maximal
permissible concentration,after which cardio-pulmonary disorders
appear. It 1s shown that even a single day spent in such a mix-
ture causes a decrease in the vital capacity of the lungs and a
gradual slowing of the cardiac rhythm. According to Bert, an
oxygen concentration in the arterial blood equal to 30-35%

is a fatal concentration.

The limit of unrestricted oxygen tolerance is 100% at an altitude
of 3750 m and 60% at ground level (Becker-Freysing, Clamann, 1942).

Berry and Smythe (1962) noted an increase in the nitrogen
"discharge in the uring of mice that spent 3-4 weeks in a pure
oxygen environment at a pressure of 226 and 187 mm Hg. Dejours
et al.(1958) established that the intensification of breathing,
observed due to impulses passing from the chemoreceptors, as a
rule, disappeared with a p,0, above 170 mm Hg, which corresponds
to 230 mm Hg pO2 in the 1 aied air. ’

Another oxygen limit may be established by means of a com-
parative study of respiration sensitivity to carbon dioxide
and oxygen. The experiments with respiration retardation conducted
by Hesser (1962) showed that a decrease in the alveolar oxygen
pressure below 300 mmi Hg increases the sensitivity to carbon
dioxide. These data also provided grounds for Schaefer to consider /16
the maximum value of p,0, to be 300 mm Hg.

All this must be considered in analyzing the changes in
the physiological reactlions of the organism observed under the
prolonged influence of oxygen.

As a result of investigations carried out in recent years it
has been established that it is possible for man and animals to
spend an extensive period of time at a pressure below 425 mm B2
in a pure oxygen atmosphere or an oxygen-nitrogen mixture (Welch,
et al.,1961; N. A. Agadzhanyan, A. G. Kuznetsov, 1962; Roth, 1964;
A. M. Genin et al., 1967, and others).

A number of authors did not discover any changes in animals
that breathed pure oxygen at a pressure of 197 mm Hg for 24 and 51
days (Dines, Hiatt, 1964).

Brooksby et al.(1966) conducted investigations on the influ-
ence of the continuous effect of 100% oxygen at a pressure of 450
mm Hg for 64 days on rats (temperature of medium 25°, co, 0.3-1%).

The authors determined the weight and growth rate and the
amount of food and water taken. After the experiment the heart
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was punctured and 5-6 cmziof blood was removed in order to de-
termine the hematocrit, glutathion and other studies. All animals
survived and were killed upon completion of the 6li-day experiment.

Tissue sections of th: orain, lungs, liver, kidneys, heart,
adrenal glands, thymus gland and the gasto-intestinal tract were
taken for histological studies; the tone marrow was also analyzed.

The authors note that in the course of the 6l-day experiment
the animals did not show signs of fatigue, paralysis or dyspnea.

The histological and hematological studles did not reveal any
significant differences in the change in reticulocytosis and
henmopoiesis in the bone marrow in the control and experimental
animals. The glycogen distribution in the cerebrum and cerebellum
of the animals, which is an indicator of disturbances in the
central nervous system, was normal.

On the basis of these data the authors conclude that a 6u4-day
stay in a pure oxygen atmosphere at a pressure of 450 mm Hg does
not have a harmful influence on the organism of rats. In their
opinion, a p0, level, equal t~ 450 mm Hg, lies below the rerivpheral
value at whicg pathological chianges arise in rats. The authors /170
also recommend raising the permissible pressure limits to 550 mm
Hg.

These materials contradict the data of many authors who
In these conditions observed acute pulmonary illness accompanied
by hemmorhaging, atelectasis and severe emphysema in different
animals (A. G. Zhironkin et al., 1965, Weir et al.,1965, and others).

It seems to us that it 1s necessary to observe maximum care
in selecting an atmosphere for a manned airtight cabin. Therefore
the materials of Brooksby et al.need further careful experimental
verification, particularly if we consider that this experiment
was conducted on a limited number of animals (in all, 11 rats).

These data do not allow one to proceed without risk in similar exper-
ments on huuen beings, much less make practical recommendations with
respect to maximal permissible oxygen concentiations.

The 1life expe:tancy of animals depends not only on the oxygen
content in the gas mixture inhaled, but also on the individual
and specie resistance of different members of the animal
world to the toxic effects of oxygen. In a gas medium containing
80-90% oxygen, guinea pigs dle on the third to fifth day, white
rabbits on the third to fourth day, gray rabbits on the fifth
to seventh day, rats and dogs ©On the seventh day, and frogs on
the elighth to thirteenth day (G. N. Zilov, 1956, et al.).

In Kaplan's opinion (1967), during an extended stay in a pure
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oxygen atmosphere in a spacecraft cabin with a total pressure
equal to 258 mm Hg there occurs a decrease in the erythrocyte
mass in the circulating blood and a gradual development of hemolysis.
Interesting data on the permissible oxygen content in the air of
airtight cabins are revealed in the experiment of I. S. Balakhov-
skiy et al. (1962). This study compares data obtained with
different partial pressures of oxygen, but identical barometric
pressures. At an altitude of 2,000 meters the barometric pressure
was 600 mm Hg, therefore rats breathing pure oxygen in these
conditions breated it at the same partial pressure as did rats
breathing 80% oxygen at "ground level."

The 1ife expectancy of rats breathing pure oxygen with a
partial pressure of 600 mm jg did not exceed one week, while with
the same partial pressure of oxygen, but with the addition of 20-30%
nitrogen ,most rats lived around a month without visible functional
disturbances.

It is only possible to explain the . results obtained by assum- /171
ing that nitrogen possesses the ability to protect the organism
from the toxic effects of oxygen. The mechanism of this protec-
tion, in all probability, consists in increasing lung ventilation
during an increase in the partiel pressure of oxygen.

Since the oxygen consumption remains the same, the alveolar air
is deprived of it, and enriched in nitrogen; in this case the

partial pressure of oxygen decreases sharply. It is easily seen
that in an atmosphere of pure oxygen or in gas mixtures in which
the oxygen content 1s quite high, such a protective mechanism is
impossible.

Irrespective of the mechanism conjectured, the sbserved fact of the
protective effect of nitrogen in the case of the development of
oxygen poisoning has great practical significance.

Although the most pronounced changes in breathing pure oxygen
occur in the lungs, other organs are also involved in the patho-
logical process. Here it is Important to establish whether the
changes in them are secondary, caused by the disturbances in the
function of the lungs, or whether oxygen directly acts upon a
number of tissues.

Another problem also arises--why does the principal damage
occur to the lungs: 1is it due to the fact that the lungs are subjected first
and to the greatest degree to the influence of oxygen, or because they are
most vulnerable to this influence? Indicative in this regard are experiments
on frogs, in vwhich the respiratory surface is distributed between the lung
tissue and the skin. In frogs, both of these tissues are damaged
by the action of pure oxygen, from which it follows that the
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principal damage occurs to the lungs because of their greater
contact with the oxygen.

Despite the large number of works dedicated to the study of
the influence of high oxygen concentrations on the organism, many
problems remain unexplained. Little study has been given to
problems dealing with the physiological mechanism of the toxic
effect of oxygen and the role of the higher sections of the brain.
Information on the threshold 1levels of the partial pressure of
pure oxygen, causing the toxlc effect, is insufficient. There /172
is still no single opinion with respect to the maximal per-
missible oxygen concentration in the air of manned airtight
cabins under different barometric pressures, the "safe" periods
of stay in such an environment with respect to oxygen poisoning
have not been established, and so forth. In the literature
available to us we have not been able to find information on the
prolonged (more than 30-day) action on the organism of & pure
oxygen atmosphere at low barometric pressure. Hence, we conducted
research on the effect on the organism of prolonged breathing
of high oxygen concentrations in conditions of normal and low
atmospheric pressure, in particular, we studied the effect on the
organism of animals of a prolonged (100-day) stay in a pure
oxygen atmosphere in conditions of low barometric pressure (198 mm
Hg, corresponding to an altitude of 10,000 meters).

1. THE NATURE OF THE CHANGE IN THE GAS EXCHANGE
DUR!.:5% AN EXTENDED STAY IN A HYFEROXIC MEDIUM

Since in the case of breathing in an atmosphere with a high
oxygen content the greatest changes are observed on the part of
the lung tissue, it was important to study the gas exchange dynamics
in conditions of a high partial pressure of oxygen. The soluticn
of this problem is important not only for the practical applica-
tion of oxygen in biology and medicine, but, first of all, for
understanding the mechanism of the effect of this factor on the
animal and human organism., In spite of the reality of this prob-
lem, until recently the literature has contained contradictory
information, which to some degree may be the result of the experi-
mental conditions and the methodological approaches used.

Some studies have convincingly proven the reliablility of the
Douglas-Holden method for correctly evaluating cas
exchange during cxygen respiration (N. N. Savitekiy, 19L0; A. G.
Denbo, Ye. M. Kreps, 1959). A comparative study of the Douglas-
Holden method and Krogh methods by means of alternating them In
one experiment made it possible to establish that the oxygen
consumption determined by the first metnod was approximately two
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. times greater than that determined according to the second method.
Further investigations showed that this difference depends not /173
only on correction i'or nitrogen, but also on the nitrogen washed

out of the tissues of the organism (A. P, Brestkin, A. G. Zhironkin,
1959; A. G. Zhironkin et al.,1965), and also on the nitrogen
penetrating through the skin layers into the organism and exhaled

by the lungs.

The fact of nitrogen diffusion through the human skin during
the breathing of oxygen finds substantiation in the investigations
of N. M. Petrun' (1960), who discovered an increase in carbon
dioxide liberation and oxygen absorption through the skin, especial-
ly .at high temperature, in the case of persons dressed in rubber
suits. The Krogh method is more accurate in these conditions with
the exception of the initial period (first 20 to 30 minutes of
breathing oxygen), which is characterized by a small increase in
the level of oxygen consumpcion, depending on the additional
physical dissolving of oxygen in the blood and tissues and the
establishment of equilibrium with intestinal gases (Stadie et al.,

1944),

As the investigations of Campbell and Poulton showed (1938),
the solubility of oxygen and plasma is mure than two times greater
than that of nitrogen. Approximately the same relationship 1is
maintained for adipose tissue.

A. G. Zhirorkin et al.(1965) did not reveal any significant
shifts in the amount of oxygen absorption in people who breathed
oxygen for four hours. The partial pressure of carbon dioxide
in the alveolar air in this case decreated from 45.2 to 38.7 mm Hg,
which, evidently, reflects a weakenlng of the exchange processes
and disturbance of the respiratory functlion ot the blood. A de-
crease in the vital capaclty of the lungs plays a definite role
here. Ohlsson (1947) connects the lower vital capacity with expan-
sion of the vessels of the lungs, and also with the sweating of
fluid from the capillaries into the lung tissue.

Some authors have found an increase in oxygen absorption in
conditions of hyperoxia (Ye..M. Berkovich, L. G. Okhnyanskay,
1952, and others), others a decrease in the gas exchange (G. N.
Zilov, 195€, and others). Many investigators have found no
changes in the level of oxygen consumption.

There 1s also contradictory data concerning the nature of
changes in the indicators of external respliration (Respiratory
Minute Volume (RMV) and its components).
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Bert (1878) in experiments on animals first established the /174
dependence of the intensity of gas exchange and the amount of oxygen
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contained in an inhaled gas mixture. According to his data, the
maximum increase in gas exchange under normal barometric pressure

is observed with a 45-48% oxygen econtent in the inhaled air. In the
case of a higher oxygen content the gas exchange and body tempera-
ture decrease as a result of the suppression of exchange processes,
The data of G. N. Zilov (1956) and others agree with this.

It seems to us that an essentlial problem of many investigations
was the lnsufficient consideration given to the dynamics of the
gas exchange at different stages of a stay by living organisms
in conditions of an increased partial pressure of oxygen. In the
investigations of A. G. Zhironkin et al, (1965) it is shown that
during an extended stay of white mice in a medium with 60 or 90%
oxygen content the gas exchange most often is established at levels
somewhat exceeding the usual level, and in addition, in the first
period of the effect of a hyperoxic medium,the oxygen consumption
significantly increased and later somewhat decreascd, usually still
remaining higher than the original level. Evidently, such dynamics
reflect a restructuring of the reducticn and oxtdation processes which
occurs in correspondence with a sharp change in the partial pressure
of « gen in the surrounding medium. As !s known, as a result of
the erfects of hyperoxia there 13 an increase 1n the excitability
of the respiratory center, in pulmonary ventilation and in the
intensity of the reduction and oxidation precesses in the tlssues.

However, while in the first moment of the effects of hyperoxla
pulmonary resplration is stimulacved, in the next moment it is in-
hibited to a certaln degree. There 1s also a retardation of the
rate of circulation and a contraction oi' the pevipheral vessels,
These reflex-humoral reactions arve almed at limiting the entrance
of oxygen into the tissues and at equallzing lts pressure lo the
thorax of the organlsm, Moreover, hyperoxia suppresses the func-
tioning of the enzyme aystem. The readjustment of cxchange proces-
seswhich arises under the influence of hyperoxia 1s also manifested
at the moment when animals return o alr of normal composition,when
decrease in the oxygen consumptlion level 1s noted, followed by a
return to the original level, Oxidation processes and the
physiological functions connected wlith them, evidently, are al-
ready again restored to the normal level in comectlion with the
decreased partial pressure of oxygen in the surrvounding atmosphere,

Transferring animals from an envirvonment with an elevated
oxygen content into a normal alr environment is analogous In tta
effect to a transfer from alr into the condltions of a hypoxlo
medium (A. D. Zhironkin et al.,190%; N. A. Agadshanyan, 19068),

The effects of hypoxia after an extended stay 'n conditions of
an increased partlal pressure of oxypen may be looked at as n
unique methodological approach making ft possible to reveal the
fine disturbances in the regulation of cxchange processes which
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cannot be revealed in other conditions.

With the aid of an hypoxic test it is also possible to reveal
the early pathology developing during a stay in a hyperoxic medium,
that is, to determine the minimum periods in which a decrease in
altitude resistance and other functional disturbances are observed
without visible pathological changes. The oxygen consumption in
animals (rats) in an atmosphere with a high content of this gas
(96%) was determined in the investigations of Fabre et al. (1965).
The author showed that the oxygen consumption during the first
two days of the experiment was significantly greater than in an
experiment with a normal atmcsphere. On the third day the oxygen
consumption decreased. This phenomenon may be connected with
several factors, first of all with the fact that motor activity
increases in a hyperoxic medium. It has been established that rats
are more mobile during the first two days of the effects of pure
oxygen than in the same period spent in normal atmospheric con-
ditions. It is assumed that cellular oxidation increases; how-
ever, this has still not been proven since the mechanism of enzyme
inhibition is as yet insufficiently known and it is difficult to
explain the toxicity of oxygen by it.

Thus, from an aaialysis of the data and the literature it
follows that at the present time it has still not been conclusively
established what oxygen concentrations in the inhaled air caused
an increased level of gas exchange in animals and man and what
concentrations act in the opposite way. In addition to the oxygen
concentration,the time factor also has independent biological
significance. A further more in-depth study of this important /176
physiological factor in the dynamics of spending an extended
period of time in conditions of an elevated partial pressure of
oxygen will make 1t possible to more fully reveal the objective
picture of the influence of this factor on the oxidation prccesses
in the organism.
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In long-term (multiday) experiments on animals it was shown
that high oxygen concentrations (89-95%) with a total pressure
of 760 mm Hg already by the third day caused a decrease in the oxy-
gen consumption and a lowering of the oxidation and phosphoryli-
zation ability of the brain tissue. In addition to the disturbance
of the metabolic processes,changes were noted in the immunological
properties of the organism, in particular, an abrupt suppression
of the biosynthesis of antibodies and of nonspecific resistance
to endotoxin. Electrophysiologlcal studies showed that the EEG
is dominated by excitation rhythms and that slow high ampli-
tude oscillations are recorded which are similar to epileptoid
discharges, characterizing an extreme degree of exciltation of
the structures of the brain (M. A. Agadzhanyan et al., 1968).
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This section of the book presents the results of a study of
the function of external respiration, the composition of the
alveolar air and the diffusion capacity of the lungs obtained
during a long (up to 14 days) stay of subjects in an atmosphere
with a high oxygen content at ground level pressure (N. A.
Agadzhanyan et al, 1970).

The experiments were conducted in a GBK-63 altitude chem-
ber having a volume of 7.8 cubic meters and specially equipped
for extended human occupation. The presence of an external air
regeneration system in the chamber made it possible to contin-
uously remove the carbon dioxide and harmful impurities given
off by the organism, and also to maintain stably the predetermined
parameters of the microclimate. The oxygen feed into the chamber
and lock was performed with the aid of rotameters.

Table 34 presents data on the microclimate and gas composition
of the atmosphere of the airtight chamber at different periods of
the experiment.

The indices of externsl respiration were studies on an
AOOZ-M apparatus, the gas exchange was studied according to Holden's methced
and alveolar air samples were taken according to Holden's method
with subsequent analysis on a VII-2 apparatus.

The DL index, representing the number of milliliters of gas,
passing through the alveolar-capillar membrane per minute with a
difference in the partial pressure of gas on both sides of the mem-
brane of 1 mm Hg, is used at the present time for characterizing
diffusion conditions. The quantity D, reflects the total of a /177
number of factors, which together detérmine the diffusion con-
ditions.

DLpp was measured with the aid of Hobart's diffusion test.
The instrument is equipped with a spirograph recording the weight
and volume of respiration, an infrared CO-analyzer calllbrated
for two ranges (0-0.05and 0~0.05% CO),and a Ran and Otis sampler
for alveolar air. The subsequent calculation, in addition to the
respiration rate and respiratory minute volume, made it possible
to determine: the percentage of carben dioxide absorption, the
lung diffusivity DLgy (in ml/min/mm Hg), the CO in the alveolar
air, the lung conductance CL (in ml1/min/mm Hg), and the CO in
the inhaled air. At the momegg of testing the s..Jects continued
to breathe the same hyperoxic gas mixture, but with the addition
of 0.05% CO.

As a result of these investigations itwas established that on
the second day after the replacement of the usual gas medium bty
a hyperoxic one (53.8% oxygen),both subjects had the sensation of
a lump and slight paln in the chest after deep breathing. On the
third day these phenomena ceased.
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TABLE 34

MICROCLIMATE IN GAS COMPOSITION OF THE AIR
IN THE ALTITUDE CHAMBER DURING DIF-
FERENT PERIODS OF THE EXPERIMENT
(AVERAGE DATA)

T
Experiment No. 1 Experiment No. 2
Outset| Period of] Residual | Outset|Period of |Residual
influence} effect influence |effect
Indicators of oxygen of oxygen |
)
. Temperature, |23.8 23.4 24.5 24,0l 24.0 25.0
°C
Relative
humidity,% 70.0 78.3 59.5 58.0] 80.0. 65.0
Oxygeéen con-
tent, % 20.9 53.8 20.9 20.91 4o0.2 20.9
Partial pres-
sure of oxy- N
gen, mm Hg }159 koo 159 150 | 298 159
Carbon diox-
ide, % 0.1 0.3 0.1 5.1 0.1 0.1

¥From Table 35 it is obvious that under the influence of high
oxygen councentrations both subjects experienced an increase 1in the
RMV, in the oxygen consumption (the former in the initial stage
of below the proper norms)and in the exhalation of carbon dioxide
and a decrease in the exhalation reserve volume.

We observed the increase in the oxygen consumption in the Lll.
first week (N. A. Agadzhanyan et al., 1968) and, in the case of
animals, during an extended period (21 days) in a gas medium with
a partial pressure of oxygen equal to 400 mm Hg (53% in ground
level conditions and 98% at an altitude of 5,000 m). The increase
in the gas exchange in these conditions 1s explained by the increase
in the level of oxidation processes. However,this increase, accord-
ing to the data of many authors, is observed only in the case
of oxygen concentrations not exceeding 60% (460 mm Hg).

In our investigation the p,0, during the effects of hyperoxid
reached 300-345 mm Hg, while thé glveolar pCO, did not exceed
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TABLE 35

THE NATURE OF THE VARIATION IN EXTERNAL RESPIRATION
DURING THE TIME OF OBSERVATION (AVERAGE DATA)

PAGE B
ORI QU
OF POO
o Subject M-ov - Subject N-ov
Index 3 E period
- E
1HIFT
= Bl 2 e 2%
Respiration rate ;min, - 11 9 11 7 9 8
RMV: actually, Ymin, 505 708 53] 42 59 52
‘% of proper . . 7Lo| w5 7550 701l 9. 8
Drogon Commumption’ i) 70 0.1 995 8§30
actoslly. moljmtn’ S 243 1279 {238 | 2151 20 |215
1 % of prover 85410 98 | 848] 905 1095 | 915
; Carbon dioxide exhaled wmr 178 1231 | 197 ] 166 | 217 177
, _Vital capacity actual m) 1600 14338 [4413 5230 [475 01
% of proper - - 102 o7 | 99 | 191 1?3 5:;5
Exhalation reserve volume m/€1050 | 865 [toio {1880 | 1220 1390
o i
Maximum pulm '
.ventilation:actual ? BN IN I75) G700 112 eln 111
% of proper s nefngome o 10

the 1limits of the background variations.

The data from an investigation of the pulmonary diffusivity
are given in Table 36. As is seen from these data, on the fourth

day in a hyperoxic gas medium the pulmonary diffusivity of both
subjects somewhat decreased in comparison with the initial values,




‘which were somewhat higher than the norm (17/30 ml/min/mm Hg).
Toward the end of the period spent in a hyperoxid gas medium /179
the subjects' pulmonary diffusivity tended toward normalization.

TABLE 36

PULMONARY D1FFUSIVITY, PERCENTAGE OF CO ABSORPTION,
PULMONARY CONDUCTANCE BEFORE, DURING AND AFTER TIME
SPENT IN A HYPEROXIC GAS MEDIUM

Subjeé£ Initial {Period of Oxygen Iﬁfluence, Days \ggigngfgggg
| ‘ eriod {lIst .| 3rd [4th {oth | oth [ Average "TEh T Beh Th
| Preliminary Diffusivity, ml/min/mm Hg

M-ov 39.2 36.8| 34 39.0'32.9{27.2‘&b.5"343712.9'30.1 28.6[25.9

N-ov by,1 42.1)52.00 48.2}28.2)36.3]27.6 38.5+4.7] 47.8| 53.5| 42.4
Absorption, CO %

M-ov 61.0 58.8}51.2057.1}50.0}52.8}57.1 53.6+1.4} 57.3]51.2}53.8

N-ov 68.0 58.4]166.7] 61.7155.0456.8}452.6 } 58.6+2.7464.9}61.9}60.0
Pulmonary Conductance ml/min/mm Hg

M-ov 7.2 8.4F 7.4} 6.5} 5.4} 5.3 6.5 6.2+0.4 6.3} 7.0} 6.0

N-ov 9.0 6.3| 8.4} 6.0{10.9] 6.7} 6.7 7.740.9) 7.5} 7.1} 8.2

It is necessary to note that changes 1n the lungs during
prolonged breathing in an atmosphere containing high oxygen con-
centration are mentioned by many authors. Ernsting (1961)
discovered a decrease in the pulmonary diffusivity of subjects
even after three hours of inhaling pure oxygen at sea level.

Helvey (1964) did not establish any decrease in the DL in subjects
who spent 14 days at altitudes of 5500, 8200 and 11,100 meters
in a pure oxygen atmosphere with a pO, equal respectively to 379,
260 and 167 mm Hg. The latter, evidéntly, was the result of
the lower value of pO, in the inhaled air. 1In our experiment the
pO, was 400 mm Hg. Tge decrease in DL observed in specific cases
wag irregular and small in value. The most probable cause of the
decrease in DL 1n the case of breathing high oxygen concentrations
consists 1n the fact that the hemoglobin blocked by oxygen, despite
its great affinity for carbon monoxide, cannot combine with it.
Therefore, the absorption and diffusivity of the lungs are /180
decreased with respect to CO. Hence, a method of separately

" determining the true diffusivity of the pulmonary membrane and
the volume of blood in the pulmonary capillaries has recently
been used.

Thus, complex experimental investigations have shown that an
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extended stay in a hyperoxic gas medium (pO, = U400 mm Hg) leads to
a certain increase 1n the RMV, the oxygen cgnsumption, carbon
dioxide exhaled and an increase in the partial pressure of oxygen
in the alveolar air. It has been established that a multiday stay

by a man in atmosphere containing 53% oxygen PO, = 400 mm Hg) causes
a shift on the part of the respiratory system. “In an atmosphere
containing 40% oxygen (pO, = 290 mm Hg), even in the case of a
prolonged (up to 14 day) gtay,no significant changes in the gas
exchange and external respiration appear. Thus, these materials
show that an atmosphere containing 40% oxygen (pO, up to 300 mm Hg)
may be used {up to 14 days) in manned airtight ceﬁpartments, and
also in the practice of deep-sea, altitude and clinical medicine.

2. THE INFLUENCE OF HYPEROXIA ON THL BLOOD
COAGULATING SYSTEM AND SOME INDICES OF THE
IMMUNORBACTIVE CONDITION OF THE ORGANISM

The literature contains only isolated information about the
influence of hyperoxia on the blood coagulating system and also
on the antibody formation and phagocyte activity of leucocytes
(G. S. Kolot, 1965; M. A. Agadzhanyan et al., 1968; L. A. Palosh,
1954, 1970, and others).

The aim of our investigations was to study the coagulating
and anticoagulating properties of the blood in the case of an
extended stay by a man in hyperoxic conditlions. For this we
conducted two long-term (up to 25-day) experiments cn four subjects
and 20 short-term (up to 24=-hour) experiments on 20 subjects,

In the first long-term experiment the subjects spent 24 days /181
in an altitude chamber, 10 days of which were spent in an
atmosphere containing 54% oxygen (pO, = 400 mm Hg). In a
second experiment lasting 20 days thé subjects spent 14 days breath-
ing a gas mixture containing 40% oxygen (pO, = 300 mm Hg). Short
term experiments were conducted to determiné the threshold oxygen
concentration and the time of the onset of changes in the blood
coagulating activity in hyperoxic conditions. The subjects spent
24 hours in an atmosphere containing 60 and 94% oxygen (10
experiments each with a pO, of 453 and 715 mm Hg respectively).

In order to study the 1nflaence of hyperoxlia on the subjects'
blood coagulation processes at different periods of a stay in
atmosphere with a high oxygen content the following indices were
determined: blood coagulation according to the Mas and Magrot
method, blood circulation time according to Duke's method,
fibrinogen concentration according to Rutberg's method, the
fibrinolytic activity according to Koval'skiy's method, plasms
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recalcification according to Howell's method, change in the
blood coagulation processes according to thromboelastographic
data and tabulation of the formal elements of the peripheral blood.

The phagocytic activity of leucocytes was determined with a
one-billionth suspension of a daily agar inert culture of golden
staphylococcus, strain number 209, The phagocytosis process was
evaluated according to the following criteria: number of active
phagocytic cells, phagocytic index (average number of absorbed
microbodies per phagocyted leukocyte) and the phagocytic capacity
of leukocytes (the product of the value of the phagocytic index
and the number of leukocytes per cubic millimeter of blood).

The studies showed that under the long-term effects of high
oxygen concentration,blood coagulation undergoes regular changes
(N. A. Agadzhanyan, B. K. Rybakov, 1971). The nature and degree
of these changes depend on the duration of the effect and the
partial pressure of oxygen.

Table 37 presents data from a thromboelastographic investi-
gation of blood coagulation processes of subjects under the in-
fluence of a gas medium containing 54% oxygen (100 mm Hg).

From these data it is obvious that an increase in the
index r, a decrease in the maximum amplitude and a decrease in
the elasticlity of a blood clot were noted in both subjects on
the fifth day in a gas medium containing 54% oxygen. On the tenth
day spent in the hyperoxic medium the relaxation time (r) lengthens
still more, and the maximum amplitude and blood clot elasticity
increase somewhat in comparison with the preceeding investigation,
remaining, however, low in comparison with the original levels.
The changes in the thromboelastogram, observed in hyperoxic con-
ditions, are shown in Figure 25.

As is known, the maximum amplitude and blood clot elasticity /182
are in direct dependence on the fibrogen concentration in the blood,
and also on the number and functional condition of thrombocytes.

The number of thrombocytes and their functional activity also in-
fluence the formation of thromblastin and thrombin; that is, they
change the reaction time (r) on the thromboelastogram (B.A. Kudrya-
shov, 1960). According to our data, the number of thrombocytes

on the fifth day in a hyperoxic medium decreased by 47% in the case
of subject M-ov and by 44% in the case of N-ov. On the ninth day
the number of thrombocytes decreased still more in the case of
subject N-ov, and somewhat increased in the case of subject M-ov,
but still remained significantly lower in comparison with the
initial levels (Table 38).
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TABLE 37

THROMBOELASTOGRAM DATA FROM SUBJECTS SPENDING
AN EXTENDED PERIOD OF TIME IN AN ATMOSPHERE WITH
A HIGH OXYGEN CONCENTRATION (54%)

-
Period of ATr
Influence of Period of Residual
Initial Oxygen, Days Effect, Days
Subjects Index Da a "‘BEH"'%UEH“"‘?EH 10th  30th
ﬁ;ov r (Reaction
/ time),min. 6.0 8.5 10.5 3.5 9.5 6.5
K (3rd phase
of blood
coagulation
(min) 4.0 3.5 4.0 1.0 3.5 2.0
MA (Maximum

amplitude) 69.0 45.5 62.5 65.0} 55.5 50.0
E(Blood clot
elasticity) | 222 83 167 136 125 100

M-ov r (Reaction
time), min. 4,0 6.0 9.5 2.5} 11.0 6.5
K (3rd phase
of blood
coagulation),} 2.0 2.0 4.5 0.5{ 3.5 2.0
min
MA (Maximum
amplitude) 67.0 45,0 57.0 68.01] 51.5 51.0

M-ov E (Blood clot
elasticity) |203 82 133 212 106 104

The bleeding time and cosgulability, determined before /183
the experiment and after a ten-day stay in a hyperoxic medium,
also testify to a decrease in the coagulating activity of the blood.
While in the blank test the bleeding time in both subjects was
one munute, after a ten-day stay in a gas medium containing
54% oxygen it increased to three minutes. The blood coagulation
time increased from nine minutes fifty seconds to fourteen minutes
thirty seconds in the case of subject M-ov and from eleven minutes
forty secorids to fifteen minutes in subject N-ov.
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Figure 25. Thromboelastograms of Subjects M-ov and N-ov: a--initial
data; b-=-fifth day in hyperoxic conditions; c--ninth
day in hyperoxic conditions.

TABLE 38 /

NUMBER OF THROMBOCYTES IN THE PERIPHERAL BLOOD OF
SUBJECTS IN HYPEROXIC CONDITIONS (5u4% OXYGEN)

Initial | Period of Influenc
Subjects } Data of Oxygen, Days gidual Effect Period, Days
5th th = 2nd - oth 10th 30th
M-y 245,340 130,240 133,240 |245,100] 262,300 | 299,880 {259,080
N-ov 369,600 | 206,420 140,3601182,400}272,990 | 237,220 (255,659
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The fibrogen concentration and fibrenolitic activity of the
blood did not significantly change during the course of the
experiment.

TABLE 39

THROMBOELASTOGRAM DATA FROM SUBJECTS DURING AN EXTENDED
STAY IN AN ATMOSPHERE WITH A HIGH OXYGEN CONCENTRATION

(40%)
Period of Period of
Initial Influence Residual
Subjects Index Data of O%X%en Days Effect, Days
Ith th || Xltﬁ' 3rd l6th
r (reaction time),
min. 7.0 7.5 9.0 2.01 10.0 12.0
N-ov K (third phase of
blood coagulation), 4.0 3.0 5.0] 1.5] 5.5 7.0
min
MA(Maximum amplitude)
E (Blood clot ’56.5 61.0 56.0) 72.0} 52.0 54.0
elasticity) ﬁ30 156 127 257 |i08 117
r (reaction time),
min. 7.5 8.0 8.5 2.5{ 7.0 6.5
R-ov K (third phase of
blood coagulation), 4.0 5.0 5.0 2.0 5.0 5.0
min
MA (Maximum amplitudg)55,0 46.0 | 43.0| 65.0| 54.0 | 48.9
E (Blood clot
elasticity) 122 "85 92 Nn86 |119 120

As far as the morphological composition of the peripheral blood
is concerned, it is necessary to note a significant decrease in the
number of reticulocytes. On the 9th day spent in a hyperoxic medium
reticulocytes almost completely disappeared from the peripheral

R AN R L AR 8575 . vr 1 .3 ey s

blood. The number of reticulocytes was restored only on the /185 %
sixth day after the medium with high oxygen concentration was §
replaced ty a normal atmosphere. ﬁ
b &3

Somewhat different data are obtained in the second long-term 3
experiment (Table 39). B
As 18 scen from Table 39, changes in the thromboelastogram ‘%
indices in the case of both subjects are greatly similar to the 'é
3
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changes observed in the preceding experiment. The basic difference
1s in the degree of the changes. The indices {r) and K increase

in proportion to the time spent by the subjects in a hyperoxic
medium, which points to the hypocoagulation effect of hyperoxia.
The maximum amplitude and blood clot elasticity remained at the
initial level in the case of subject N-ov, and ir. the case of
subject R-ov, decreased somewhat.

The changes produced on the eleventh day in the hyperoxic
medium are of interest. At this moment, according to the thrombo-
elastogram data, a sharp increase is noted in the coagulation
capacity of the blood. The reaction time (r) and the index K
decreased in both subjects. Themaximum amplitude and blood clot
elasticity significantly rose. 1In the opinion of L. A. Palosh
(1970), such changes are caused by "overcompensating" reaction,
leading to deviations toward the positive side.

Changes, analogous to those obtained in the preceeding experi-
ment, may also be observed in the examination of the dynamics of
the thrombocyte number under the influence of a prolonged stay in
a gas medium containing 40% oxygen (Table 40).

TABLE 40

NUMBER OF THROMBOCYTES OF SUBJECTS IN A GAS
MEDIUM CONTAINING 40% OXYGEN

Initial Period of Influence Residual Effect
Subjects Data of Oxygen, Days Days
LER S (th { 1lth
N-ov 268,800 289,800(228,800} 244,480 224,400
R-ov 239,680 222,870{189,980{ 209,100 221,200
'l
On the seventh day, that is, at the moment of the most /186

pronounced thromboelastographic challges, the number of thrombocytes
decreased by 15% in the case of subject N-ov and by 21% in the case
of R=-ov.

It 1s characteristic that on the eleventh day in a hyperoxic
medium, when, according to thromboelastographic data, a clear rise
in the blood clotting ability is noted, the number of thrombocytes
also rose in both subjects.

The blood circulation time, fibrogen concentration and fibreno-
lytic activity did not significantly change during the time spent
in the chamber.
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The blood clotting ability in both subjects was somewhat lower
during the entire period spent in the hyperoxic medium and for three
days after the transition to a normal atmosphere.

It was extremely important to reveal the nature of the change
in the blood clotting activity in the case of relatively brief
breathing of higher oxygen concentrations.

Investigations of the blood clotting activity, conducted before
and after a one day stay in an atmosphere with a pO, cf 715 mm Hg,
(94% oxygen) showed that a slowing of the coagulatioﬁ processes is
observed in these conditions (Table 41)

TABLE 41

AVERAGE INDICES OF THE COAGULATING AND FIBRENOLYTIC ACTIVITY
OF THE BLOOD BEFORE AND AFTER THE EFFECTS OF HYPEROXIA (947

OXYGEN)
vt
Before After
Indices Hyperoxia Hyperoxia P

Fibrenogyn concentration,

mg% 300 260 <0.001
Plasma reclassification, sec. 120 128 <0.75
Fibrenolytic activity of

the blood, min. 173 188 <0.1
Blood circulation time, sec. 150 176 <0.02
Blood coagulation time, min. y.7 10.8 <0.02
Number of thrombocytes, thousand|333 267 <0.001

The changes in the indices characterizing the speed of coagulat-
ing processes, although they do not go beyoni the 1limits of normal
physiological fluctuations, are, however, clear, unidirectional
and statisticaliy reliable, with the exception of the retardation
of the fibrenolytic activity of the bLlood.

A study of the influence of short-term (24-hour) hyperoxia /187
(60% oxygen) on the coagulating activity of the blood showed that
a one-day stay in such an atmosphere does not lead to significant
changes in the coagulation processes.

The results of investigation of the phagocytic activity of
leukocytes testified to a decrease in the phagocytic activity in
hyperoxic condition. 1In comparison with the reference period on
the fifth day of a stay in a gas medium containing 54% oxygen it
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was discovered that all indices and particularly the number of
cells capable of phagocytosis decreased. Only on the tenth day
of the aftereffect period was there obscerved a gradual rise in the
phagocytic index. Analogous, but less pronounced, changes occurred
in an atmosphere containing 50% oxygen (M. V. Markaryan).

Investigation of the content of sielic acids in the blood
serum of the subjects revealed that they had increased on the seventh and
eleventh days of the action of an atmosphere with a high oxygen
content on the organism. In the aftereffect period the sialic
acids' concentration in the blood serum decreased almost to the
initial value. 1In additlon there was an inverse relationship
between the degree of phagocytice activity of leucocytes and the
sialic acids' content.

Apparently, an increase in the sialic acids' content in the blood
serum against a background of suppression of the phagoeytic process
can be viewed as a compensatory mechanism intended to fulfill the
function of the blological protection of the organism.

Thus, the results of the experiments show that during an
extended stay ina hyperoxic sas medium the coagulability of the
‘blood is changed in the direction of hypoccagulation.

The degree of change of the coagulating activity of the blood and
- of the Immunoreactive state of the organism depends not only on
the p0, value, but also on the time spent in a hyperoxic gas
medium, The experimental data obtained in our experiments may be
uzed for the scientifically based application 1

oxygen in clinical practice and for formulating the gas medium

to bLe used in manned ailrtignt compartments.
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/ 3. THE INFLUENCE ON THE ORGANISM OF ANIMALS OF A
; PROLONGED STAY (UP TO 100 DAYS) AT AN ALTITUDE
OF 10,000 METEBS IN A PURE OXYGEN ATMOSPHERE .
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The creation of an atmosphere containing practically pure
oxygen at a low total pressure in a cabin produces significant
technical advantages, but runs into serious objrctions because
of the danger of fire, the appearance of decompression disorders,
atelectasis of the lungs,irritation of the mucous membranes of
the upper respiratory passages and eyes, possible disturbances
of the water-salt exchange, blood circulation, etec.

The basic task of this section 1s to reveal the direct
causes of the above-mentioned disorders and to determine the ca-
pability oi the organism to adapt to an existence in a pure oxygen
atmosphere with a low total pressure.

In order to study the functional and structural disturbances
which arise during a prolonged stay in a pure oxygen atmosphere,

e v e

chaln motor conditioned reflexes &nd the composition of the peripheral

blood were investigated and the DNA contained in the nuclei of

liver cells, the +transaminase activity and amount of sugar in the

blood were determined. In addition, we conducted X-ray studies
of the organs of the chest cavity of experimental animals and
observed the dynamics of the salt-water exchange, the weight
variation, blood composition and general behavior of the animals.

Several hygenic and bacteriological studies, were also con-
ducted in the course of a 100-day stay in a pure oxygen atmos-
phere and in pz ticular the dynamics of the change of the basic
parameters of the microclimate was continuously monitored and
the contamination of the cabin air was determined.

_ The experiments were conducted on rats in an SBK-48M
altitude chamber specially equipped for conducting long-term

studies in conditions of low barometric pressure, corresponding
to an altitude of 10,000 meters (198 mm lg).

In order to avoid decompressicn disorders and to create a
high level of partial oxygen pressure in the chamber the animals

were gradually raised to . he given altitude while the chamber was
ventilated with pure oxygen.

The temperature, numidity, oxygen and carbon dioxide con-
tent 1n the chamber during the course of the experiment 4id not

exceed the predetermined variations (pO2 « 190-195
mm Hg; pCO2 = 0.1-0.4%; temperature 21+2°; relative humidity

60-70%). The operating principle of the life-support system is
described in Chapter III . The i1eed and water regime was iden-
tical for all animals.
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Fig. 26. Diagram of Water and Food Supply. 1 - Altitude
Chamber; 2 - Receliving-Distributing Bottle; 3 =
Drinking Dish; 4 - Cage; 5 - Water Tank; 6 - Control
Valves; 7 - Silica Gel; 8 - Food Hopper;
9 - Food; 10 = Food Trough.

The rats were given feed consisting of two-thirds
wheat and one-third oats. Once every five<seven days the
. animals received bread, meat and multiple-vitamius.

The cages were equipped with external tanks for water con-
nected with a drinking dish inside the cage. Water was added in
proportion to consumption from a tank located outside the chamber.
The water was conserved by the addition of silver nitrate in the
amount of 0.05 mg per liter. A diagram of the system for pro-
viding tihc animals with water and food is shown in Fig. 26.

In all, 203 white rats were observed, of which 148 were sub-
Jected to the effects of pure oxygen at an altitude of 10,000
meters and 55 rats were kept at normal atmospheric pressure and
served as the stendard.

Results of an Investigation of Higher Nervous Activity

Numerous investigations previously had shown that in con-
ditions of a rarefied atmosphere the baslic controiling factor
causing disturbance of higher nervous activity 1s oxygen de-
ficiency.

We did not find any articles in which the selective

" “erfect on the central nervous system of the same factor of rare-
faction with sufficient provision
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Fig. 27. General Appearance of the Device for Invéétigating Chain
Conditioned Motor Reflexes.

of the organism with oxygen, particularly with regard to longterm
effect, had been investigated.

The method of chain conditioned motor reflexes, developed in
the laboratory of L. G. Vorcnin, was used for studying the higher
nervous activity of rats. An automatic electrical device was de-
veloped and prepared to suit the characteristics of an
investigation in conditions of a rarefied and changed gas medium
(G.P. Doronin, B.A. Miloslavov).

The basic units of the device (Fig. 27) are a working
chamt2r, a compa:tment for keeping the animals separately, which
consists of five boxes, a control panel, and a recording device for
registering the motor response reactions of the animals. Light stimulators
and contact areas are located within the chamber. A system of
contacts operates when the rats move onto a contact area, which
switches on conditioned stimuli in a specific sequence.

On the side wall of the chamber there is an automatic feed-
ing trough which operates when the animals correctly perform a
sequence of conditioned reflex motions.

The working chamber communicates throuih a system of holes
with the five boxes in which the rats are held during the en-
tire experiment, obtaining water and a controiled amount of food. /191
Remote control from a movable portabie panel made it possible to
use the device in long-term experiments not only in ground
conditions, but also at low barometric pressure (at altitudes
of 3000-10,000 meters).

The conditioned reflex activity was evaluated according to
the latent period and the rate of response reactions to
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stimuli, and also according to the time the animals stayed on the
contact areas. ‘

After development and reinforcement of conditioned reflexes
a background was established at normal atmospheric pressure. Each
experiment used a stereotype, composed of 18 positive chain stim-
uli and 6 conditioned inhibiting stimuli.

During the long-time experiment, each animal was gilven from
671 to 776 chain stimuli, and in 98-99.5% of .the cases a clear re-
action was noted, representing a chain of food-prosuring con-
ditioned motor reflexes.

During the first days spent at an altitude of 10,000 mecters
the rats displayed a certain intensification of the orientation
reaction, an increase in general motor activity and an lncrease
in the number of intersignal reactions.

Most of the applications of a chain stimulus were accom-
panied by a clear chaln motor reflex.

Loss of individual links of the chain reflex during the
_course of t'.» first month of the experiment was noted in 24 cases,
@Quring the second month -- in 13 cases, and during the third month -- ,
in 10 cases. Only isclated cases of the loss of reactions to the
‘second stimulus o the chain occurred in the animals. The third

1link of thechal:.. was preserved in 100% of the cases.

The results obtained show that during a long term (100-day)
stay at an altitude of 10,000 meters and normal oxygen supply
the time taken for performing all links of the chain and the en-
tire chain motor reflex did not significantly change. The first
link of the chain, in response to the first "triggering" stimulus,is
performed especially accurately.

The constancy in performing the chain motor reflex during
the entlre experiment indicates that the analysis and synthesis
of a chain of food-pProcuring motions are not disturbed in a pure
oxygen atmosphere with a rarefaction corresponding to an altitude
of 10,700 meters. In studying conditioned disinhibition in
specific cases, 1inadequate reactions were observed when the signal
value of an additional component of the conditioned inhibition

- was not percelved and the animal performed a motion correspond-
ing to the positive chain. Sometimes switching on a conditioned
inhibition lead to a state usually observed with the action of
a differentiation stimulus.' The animal in these cases remained /192
in the original pose or moved away from the stimulus.

Thus, the results of an investigation of chain conditioned
motor reflexes showed that in the case of an extended stay in




conditions of low barometric pressure corresponding to an altitude
of 10,000 meters in a pure oxygen atmosphere chain,conditioned
motor reflexes completely preserved their structure and .. > time
characteristics of individual links of the chain. Conditioned
disinhibition proved to be the weakest link. The increase in the
number of lnadequate and negative reactions in the first period
of the experiment is the consequence of the relative weakening

of the process of internal inhibition.

The nature of response reactions to the use of a conditioned
inhibiting stimulus normalizes in proportion to the time spent
by the animals in a pure oxygen atmosphere under a total pressure
of 198 mm Hg. This shows that in the process of adaptation to
the effects of low barometric pressure, a normal relationship of
the basic nervous processes is restored.

STUDY OF CERTAIN INDICES OF THE WATER-SALT EXCHANGE, FERIPHERAL
BLOOD COMPOSITION AND DNA DISTRIBUTION IN LIVER CELL NUCLEII

As 1s known, all the physical-chemical processes in the
organism take place with the participation of water. Metabolism,

heat regulation, maintenance of a constant osmotic pressure and acid- .

base equilibrium -- all these physiological reactions take place
with thz actlive participation of water and salts.

~ Water constitutes up to 60-70% of body weight, approximately
' 50-70% of the water is found within the cells, extracellular

water comprises 16-20% and up to 15% of the water occurs in the
intertissue. fluid.

The amount of water entering and leaving the organism may
fluctuate quite significantly and depends on the temperature of
the environment, the partial pressure of gases in the air, the
humidity, barometric pressure, etc.

We determined the hydrophilic nature of the tissues and
the blood hydration of the weight method. The tissue and blood
sample taken were dried to a constant weight at a temperature of
100-115°,

The chloride content of the urine was cGetermined by direct
titration according to,Mohr's method. The blood chlorides,after
their extraction  with 92% alcohol,were t:trated with a 0.1 N solution
of silver nitrate. '

Changes 1n the weight of the experimental and contrcl rats
may be judged according to the data in Tables 42 and Uu3.
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TABLE 42

2 WEIGHT CHANGE OF CONTROL RATS

Wt, of rat disting experiment §

' g _I5th da | 40th day |'64th day|64th day] 85th day | 98th day
o, of rat N . 1 —
cof 3 rar
K irEeImm
| |

97 2611265 1+4 1275 [+ 141270149 [272]4+- 1.
98 2461258 14-121 270 |4 24270, -}F-2‘l 265) il{)
49 1851193 1-4-8 1205 |-+20]2201 4 35230 4- 45
100 2431220 |—23{ 214 |4-29215{— 28242 —1 | — | — | —
101 225 237 {4-12} 249 |4-24)250{ 4 25[255] + 20 275 | + 50] 289 | + 64
102 2451250 [+5 [275 [4+30{2701 +25[265¢ + 20} 267 [+-22] 281 | + 36
103 2;1_8 20414-6 1260 |4 121267 190270{+-22] — | — | — | —
104 258 | 270+ 12! 280 |4-22}285] + 27]202 +H| —] -] —] -

200 {4291 303 |-+ 42
2901 + 44§ 307 | 4-51

Mosn for 1939|243 | -4 | 253 |+ 14256!-+ 17]262]-+ 23 280 | +-41] 295 | +-56

a N

The data presented show that a significant weight loss was

observed in the experimental rats. By the fifteenth ¢ spent

at high altitude in six of ten rats the body weight balance was
._negative; it was positive in three, and in one remained unchanged.

By the end of the first month, in all ten ex- .

perimental rats the weight balance was negative. Later, some in-
.crease in weight wis noted in nine enimels, not reaching however; the

initial level by the 55th day, and in only one rst .. ;

(No. 43) was the balance positive. By the 85th day the weight

balance in all rats b:came positive.

The weight loss might be explained by a protein deficiency
in the fcod and the increase in water losses by the effects of
staying at high altitude. However, in our experiments 1ln the con- /194
trol animals whish also received the same food ration, the -
weight balance during the entire period of lnvestigation was
positive. Consequently, the negative weight balance is not
caused by protein deficiency, but by the increase in water losses
by the tissues of the organism, caused by the influence of the
rarefied air of the altitude chamber.
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TABLE 43

.

WEIGHT CHANGE OF EXPERIMENTAL RATS .

Wt, of rats dm'lu txpetiment ¢ \
| 15th day [27th day __55th day| 62nd day{ 85th day | 98th day

'&‘5 $§ 18 ;
15| 160 el veo |z Dol « |
a4 Poof 207147 | 153 | =716 =38 — | — | = | = |12
S e A s i o +1013051+85 | 315|495
A Feot e w11 ot el B et H
b foaloo2 )8 | e |—saluso “1afor+ tafore| Te1 |27 | Ta1

2 1116}1--62{137}—41} —

\7 o 178] 176
‘:‘ Mean for 1200 192{—8 | 141 |—=55172{--30{211]-}-5 {275]-1-66 |278 472 |

In the experiment by Swann and Collings (1943) conducted on
rats in an altitude chamber at an altitude of 5400 m in cown-
ditions of oxygen deficiency, a significant weight loss in
proportion to the time spent at high altitude was also noted.
The authors connected the decrease in weight of the experimental
rats with an increase in the water loss through the lungs (due
to hyperventilation) and skin at high altitude.

Observation of the weight change of the experimental and con-
trol rats also made it possible for us tc note two other facts
we féel are interesting. Intensive weight loss was observed
only during the first 30-40 days the animals spent at high alti-
tudes. By the 55th day the weight begins to increase, al- ,
though its balance still remains negative. Later, in the second
half of the experiment,the weight increase of the experimental
rats becomes more pronounced in comparison with the control rats

and, if we take into consideration that the increase in the welight /195

of the experimental rats basically takes place during the last
30 to 35 days of the experiment, the difference in the weight
increase of the experimental and control rats becomes still more

significant.
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__. We belleve that adaptation of the organism to the new con-
. 3Tt16ks odcurs during the first stage (30-40 days) of the stay
*.In conditions of low barometric pressure and that when it begins,
~ physiological functions are relatively normalized. The data ob-
-+ tain~d by X-ray study of the organs of the chest cavity also
- test.iiled to this.

- X-ray analysis showed that a number of reversible functional
and morphological changes in the organs of the chest cavity appear
- . when breathing pure oxygen at an altitude of 10,000 meters: the )
 dimensions of the chest cavity decrease, the transparency of the
" pulmonary margins is lowered, tiie pulmonary figure and solitary
or multiple focal darkenings in the lungs are intensified and the
dimensions of the heart shadow increase. All this points to the
development of atelectases in the lungs and stagnation phenomena
in the vessels of pulmonary circulation. No significant deviations
appeared in the functional activity of the dlaphragm. The indi-
cated changes were of a reversible functional nature and were more
pronounced in the first two days spent at an altitude of 10,000
meters.

These data agree with the rerults of pathomorphological
investigations. After the animals spent two days at an altitude
of 10,000 meters in a pure oxygen atmosphere the parenchyma of
the lungs in the rhizosphere proved to be partially collapsed. A
thickening of the interalveolar septa was also noted. The
lungs of rats, subjected to the experiment for more than two
months, appeared the same as the lunge of the control animals.

A study of the structure of the blood and lymphatic vessels,
the elastic body of collagen fibers and the argyrophilic mem-
branes of the lungs of the experimental animals did not reveal
any serious damage. All this leads us to consider that the col-
lapse of pulmonary tissue in the conditions of our experiment is
of a reversible nature and does not lead to an insufficiency of
blood oxygenation. Probably, the pulmonary parenchyma gradually
adjusts in proportion to the time spent in a pure oxygen atmos-
phere at a total pressure of 198 mm Hg and in proportion to the
adaptation to these conditions.

The possibility is not excluded that the hormonal regulation
of the metabolism, in particular of the protein metabolism, 1is
disturbed at the end of the experiment, as a consequence of which
a more intensive increase in weight 1is observed in the experi-
mental rats in comparison with the control rats. If the weight
loss 1s attributed to moisture losses, then it may be assumed
that this should be reflected in the water content in the
tissues.
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TABLE 44

WATER CONTENT IN THE TISSUES
OF EXPERIMENTAL AND CONTROL RATS (IN %)
DURING DIFFERENT PERIODS OF THE EXPERIMENT

]
[

ver' : Skin Blood

wa lcom wl- -Contrel n:um].commn Pett |6 ontrol gpno‘xb Control j&m Control E‘m

- 775 64 | 13 | 78 | ma | m2 | s | 17 | 767 | a2 | 32 | ss
3gh| 784 791 769 | 728 | 773 | N8 | 805 | 773 | 7146 | 748 | 569 | 613 | 862
15PN 794 822 | 755 | 729 | 733 | 750 | 95 | 773 | 717 | 745 | 374 | 666 | 855
' 866| 83/ | 736 | 7.1 | 780 | 762 | 84 | 779 | 702 | 781 | 649 | 649 | 860
- 8381 g47 | 755 { 768 | 773 | 743 | 778 | 813 f 765 | 761 | 633 | 645 | 80.
. 60X | 827 81 ) | 7 | 760 | 750 | 783 | 801 | 755 § 743 | 663 | 657 | 8

Van Lier's study (1947) indicates some tissue dehydration
during a stay in conditlons of low barometric pressure. In the
first place it is possible to expect water loss by such tissues
as the skin, muscles, and liver, usually considered to be g reser-
voir of fluid in the organism.

The research conducted showed that the decrease in the
water. content of the skin of experimental animals coinclded in
time with the decrease in body weight of the animals. These
changes were most clearliy pronounced toward the 15th day of the
experiment, when the water content decreases almost by half
(Table 44).

The water loss by the blood was insignificant and was wmost
clearly manifested on the 30th day of the experiment. The num-
ber of erythrocytes, a change in which may influence the amount
gf di'y residue in the blood, remains practically at the same

evel.

As was already mentionel, the water exchange depends on
many factors determining the state and distribution of water in
the organism. Salts, particularly sodium chloride, are ong of
these factors which enable water to be bound with tissue
colloids and blood to be enriched with water. The relation be-
tween salt exchange and water exchange is so intimate that the
water-salt exchange is usually considered as a unit.

In the blood and tissue fluids sodium chloride occurs in
the dissoclated state in the form of sodium and chlorine lons.
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Ih'oase of an increase of the content of sodium ions the ability
of colloids to swell is 1ncreased and the amount of bone marrow
1ncreases several times.

- We examined the chloride content in the 66 rats not subjected
to the effects of low barometric pressure (control experiments).
‘Data from a statistical analysis are given in Table 45.

TABLE 45
CHLORIDE CONTENT IN THE BLOOD OF RATS (IN MG %)

~
{

Suatistons | Botors expetimens (dav)
indéx  Jexperiment g4 n | ema 86th
M 542 483 513 501 497
+m +35 +9.6 +11.6 +9.1 +58
n 66 8 10 9 5
P <001 <0.01 <001 -20.0}
1

Reliability (P) is calculated in relation to data
obtained before the experiment.

A certain wavelike nature of variations in the chloride
content of the blood was noted during the process of the experi-
ment, although a general tendency to decrease was quite distinctly
manlfested.

During the first 15 days, in 7 of the 10 experimental rats
the chloride content of the blood decreased and only in three
_enimals did the chloride content either not change or even increase somewhat.

As a rule, a decrease in the chloride content was also /198
observed in the following periods.

An additional series of experiments during which the chlor-
ide content in the blood and urine was studlied simultaneously
on five rats, was set up in order to make more precise the data
on the change in chlorid. content for an extended stay at high
altitudes. The data obtained from this group of animals 1s
given in Table 46,
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TABLE 146 OF POOR QUALITY

THE CHLORIDE CONTENT IN THE BLOOD AND
EXCRETION WITH THE URINE IN TEST RATS

R '-M“ ’ ot |. Amt.of N} :
. No. of rat ent Wiue ml {1, goty urine urine.mg%
. f' | o “"‘“' EF 1nblood mew
2-nd 05 22 872 485,00
15h 12 55 585 546.8
30-th 15 14 1521 -
]
2.0¢ | 30 8.1 559 511.8
173 9.th 65 25.7 790 K
154 | 76 5.1 1211 4930
304h 05 23 1872 212
;2)«: g.o (9.8 977 aon
: Oe 0 9, ey 16441
174 15 | 35 195 112 5219
304 9 297 X 10141
g-nd o1 - - 1792
w | o - — NN
175 154 | 12 55 555 1990
3040 | 65 23.0 707 o
I om | o g vos oo
176 9-m 02 - - 450,00
15-th 20 13,5 1316 560.0
30-th 6.0 969 896 4630

Bgtatistical. s reliable decrease of chlorides in blood  ( P<0.06)
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It 1s obvious from Table 46 that together with a decrease in
the chloride content in the blood there is an increase in chloride
eliaination with the urine. Not only did the daily amount of
chlorides eliminated rise, but also their concentraiion in the
~urine increased. The daily diuresis of the rats (after decreas-

ing in the first half of the experiment) gradually increased

in proportion to the time spent at high altitude.

Most authors connect the disturbunce of the water balance at
high sltitudes with losses of moisture through the lungs. How-
ever, this situation could only occur in the case of hypoxia,

In the given experiment

when pulmonary ventllatlion increased.

the oxygen supply was sufficient and the organism was influenced
only by the factor of atmospheric rarefaction. Therefore,the
disturbance -in the water-salt exchange in these conditions,

evidently, was caused by other mechanisms.

It may be assumed that with decreasing barometric pressure
the total loss of moisture from the body surface will increase due

to imperceptible perspiration (Ya. Kuno, 1961).

We did not find in the literature any direct data on the
influence of low barometric pressure on an increase in fluid loss
by the organism. However, it 1s well known that under such
conditions evaporation increascs as a result of a decrease in
collisions between evaporating molecules and molecules of a gas whose
concentration is reduced due to rarefaction. The direct
measurements of vapor evaporation, which were macde by A.I. Sha-
poshnikov and B.S. Perepletchlkova in our experiment, showed
that the total amount of fluid evaporated from one and the same
surface in the case of normal and low barometric pressure is

different (Table 47).
TABLE 47

EVAPORATION OF LIQUID (in g) IN CONDITIONS OF
NORMAL AND REDUCED BAROMETRIC'PR§§$HR§

Index “Earth" 30,000 m ajtitude
Te mpenature C 20—~23 20-25
Humidity . % 4505 4260
Amoustt of 11quid evaporsted g 1125 2150
ymwy ‘,ms 2-3 4.1
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The problem of chloride loss by the organism is very inter- /200
esting. Is it the result of a disturbance of the reabsorption
properties of the renal canal apparatus or is it the consequence
of moisture lost by the organism? We are inclined to consider j
chloride loss as an attempt by the organism to establish electro-
lytic and salt equilibrium of body fluids. Further special
investigations are necessary for a conclusive solution of this
problem, in particular, for revealing the intimate mechanism
controlling the water-salt exchange of the organism in conditions
of low barometric pressure.

- e Nt oL

In our experiments we also conducted hematological investi-
gations with an extended stay by animals in conditions of low
barometric pressure and a normal oxygen content in the inhaled
air (Yu. P. Bizin).

Two periods of high altitude polycyphemia are usually con-
sidered: (1) the appearance in a large quantity of only mature
forms of erythrocytes and {2) the increased appearance of young
erythrocytes from the bone marrow.

Until recently the opinion was widely held in physiology
and hematology that hypoxia causes stimulation of erythropoiesis
in the bone marrow. The degree of oxygen saturation of the boue
marro. was recognized as the universal factor controlling erythro-
poiesis.

Experimental data recently accumulated indicate that the bone
marrow is not stimulated by hypoxia, for example after blcod loss
or in conditions of a rarified atmosphere, but on the contrar;,
it is suppressed. More precisely, hypoxia does not stimulate
erythropoiesis directly, but through an intermediate link--
erythopoietins (Ya. G. Uzhanskly, 1968; V. I. Voytkevich, 1968,
1969). Erythropoietins are found in various organs, but the
removal of these organs does not deprive the organism cof the
ability to form them.

The physiological mechanism of the influence of erythropole-
tins upon erythropoiesis has been sufficiently studied in the
laboratory of va. G. Uzhanskiy (19638). It has been established
that as a result of hypoxia not only the function of blood circula-
tion sad respiration but also of erythropoiesls changes in reflex
fashion (Fig. 28). The increase in the erythropoietic activity
of the blood serum observed here, in the opinion of Ya. G. Uzhanskly,
may depend on the increase in the amount both of erythropoietins
in the blood, and also of the biologically active products of the
decay of erythrocytes or other metabolic products.
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Key: 1 -Centmal netvous system; 2- Hypoxia; 8- Catabolic metabolic products; 4 - Erythrodiuresis: 5 - Angeal tenzenase;
6 - Products of erythro decay:- 7 - Erythro poeiting; - 8 - Circulation: 9. Erythropoeises: 10- - Respiration: 11 -Blood
reservoir: 12 - Erythropoeises; 13 - Products of exythro decay.

Fig. 28. Diagram of erythropoieses regulation (according to Ya.
G. Uzhanskiy).

Two groups of animals were investigated in order to explain
the influence on the blood system of an extended stay in a
pure oxygen atmosphere at 1ow barometric pressure: one group
for 100 days was kept at an’ 'altitude"of 10,000 m (pressure 153 mm
Hg, oxygen content 98%); the second group was kept in conditions
of normal barometric pressure.

Before the experiment no significant deviations from the
norm in the blood picture were observed in any rat. During the
period of the experiment the most significant changes occurred
on the part of the red blood. Already on the third day after the
ascent to "high altitude,"in two of the experimental rats the
amount of hemoglobin increased by 2.3 g%. The number of erythro-
cytes increased insignificantly. These factors began to increase
particularlynoticeably from the fourteenth day of the experiment.
Thus, the amount of hemoglobin increased on the average by 3.4 g%,
which corresponded to 120% of the initial level. The amount of
erythrocytes increased on the average by 2,200,000, or by 134% in
comparison with the initial level.

)
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: The erythrocyte anrd hemoglobin content of the blood of /202
: the experimental rat remained elevated up to the fortieth day

" and only in the second half of the experiment did a tendency

toward normalization of these factors appear. Complete restora-

tion set in on the 58th day. Later toward the end of the

experiment the amount of erythrocytes and hemoglobin remained
- at the initial level.

Simultaneously with an increase in the amount of hemogliobin
and erythrocytes in all experimental rats the amount of reticulo-
cytes in the peripheral blood increased. On the third day of the
experiment it increased on the average of from 3$ to 5‘.{.
- The maximum increase in the number of reticulocytes. to 6% _ ;

was noted on the fourteenth day of the experiment and coincided with
the erythrocytosis observed in the rats. Subsequently the number

of reticulocytes somewhat decreased.

In the second half of the experiment the number of reticulocytes
again increased to 6% in the experimental rat, and this
level was preserved until the end of the experiment. The increased
content of reticulocytes in the blood was maintained even after
the _end of the experiment and exceeded the initial level by 1.8-2%.
In the control rat during the entire period of observation the reiticulocyte
content did not significantly change.

u The reticulocyte content in the blood 1s an indicator of the
intengity of medullary hemopoiesis, more precisely, of red cell hemopoiesis.
Therefore, reticulocytosis in the rats during the experiment indicate
stimulation of medullary hemopoiesis. This is also indicated by the
8. earance of immature forms of erythrocytes--polychromatophiles and
noomoblasts in the peripheral blood of the rats. Thus, a prolonged stay in

_conditions of low barometric pressure leads to activation of the
erythropoietic function of the blood marrow.

The erythrocytosis and reticulocytosis observed and the
appearance of polychromatophiles normoblasts in the blood confim
to some degree the hypothesis of the presence of two periods of
"high-altitude" polycythemia.

The amount of thrombocytes increased insignificantly on the
fourteenthday of the experiment (from 450,000 to 580,000). Later
it decreased to the initial values and remainedat this level during
the entire experiment. In the control rat the amount of thrombo-
cvtes during the entire period of observation was within the limits
of the physiological norm.

Changes on the part of white blood cells were less pronounced./203
In the experimental rats the amount of leukocytes and eosinophiles
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- increased slightly in comparison with the initial data. After
the experiment the indices rapidly normaliged.

_ In all experimental and control rats the relative amount of
lymphocytes before the experiment was approximately 54-60%, and of
neutrophiles--30-38%. Since rats have a lymphocytic type of
blood formation, this ratio is normal.
\

During the experiment a relative lymphcytosis was observed
in the test animals which exceeddd the limits of the initial
level and fluctuated from 65-85%. In the remaining periods of
the investigation absolute lymphocytosis also took place, which
was accompanied by relative neutropenia (to 15-25%).

As far as cytological changes in the blood are concerned,
it 1s possible to note only an insignificant plasmatizationof
mononuclears in the experimental rat duriag different periods of
the experiment. In the control rats no significant deviations
were noted in the leukocytic formula.

Thus, the investigations showed that the changes on the part
of most hematological factors are reversible and disappear after
the end of the experiment.

Data from an investigation of the DNA content in liver cell
nuclei are also of interest. As is known, the DNA content in an
individual cell is an integral indicator of its functional state.
By studying the DNA distribution in a sufficiently large number
of cells we obtain the possibility of evaluating the general state
of the organ or tissue.

Here we limited our investigation to a determination of the
DNA in specific parenchymatous cells--hepatocytes, which are the
basic anatomical and functional population of the tissue elements
of this organ.

The distribution of the DNA content in the nuclei of the
cells under consideration was studied in our experiments by
Ye. Ye. Simonov on the basis of photomctric changes in contact
preparations stained according to Fel'gen's method. Fhotometry vas
performed on a device especially assembled for these purposes
with photoelectric record.ng of absorption. The DNA content
in the parenchymatous ijver cell was calculated by means of com-
paring the data from photometric measurement of "standard" nuclel
and the nucled of small lymphoueytes, the average DNA content in
which is 6 pg. (pigment granules).
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Cytophotometric investigation of the parenchymatous cells /204
of the control animals showed that the DNA content in individual
nucleil of this cellular population fluctuates within
the range -~ 4=5 to 48 pg and higher, on the average amounting
to 17.8 pg per "average" nucleus (cell). As a result of an
analysis of variation curves of the amount of DNA in individual
nuclel of the cells investigated (2200) it was established that
most of them (73%) were produced by nuclei with a INA content exceed-
ing 14 pg, while nuclei with a content of 10-1l4 and less than
10 pg DNA total arcund 27% (22.9% and 4.1% respectively).

« An analysis of the DNA distribution in the nuclei of the
\ parenchymatous liver cells of the experimental animals (6,000 cells
‘were tudled) revealed that even in this case there is observed
approximately the same scattering of values of the DNA content,

as in the control (Table U48){ however in the experimental animals
the quantitative relationships of the groups of cells with a DNA
content of more than 14 pg, 10-14 pg and less than 10 pg proved

to be somewhat different, oust as, on the other hand, the average DNA content
calculated per "average" cell {(nucleus) was also somewhat dif-
ferent.

TABLE 48

QUANTITATIVE RELATIONSHIPS OF CELLS WITH VARIOUS
DNA CONTENT AND THE LIVER OF CONTROL AND EXPERI-
'MENTAL ANIMALS

Average Percent of cells with DNA
DNA content’ content ]
Conditions | in nucleus, Up to 10 pg| 10-14 pg Mo;ﬁ gg“n
pPg
Control 17.8 4,1 22.9 73.0
Experiment 16.6 8.0 34.0 58.0

From Table 48 it is obvious that the change in the quantita-
tive relationship of the indicated groups of cells is of a dual
nature and 1Is expressed by an increase in the number of cells with
a DNA content of less than 14 pg and a decrease in the number of
cells with a DNA content of more than 14 ppg.

If we bear in mind that in the case of normal adult rats /205
the growth of liver tissue is primarily performed by increasing
the mass of individual cells (the endomitotic type of growth,
in which cell division does not occur), then the data we obtained
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{increase in the number of cells with lower DNA content) may be
conslidered to be an indication of a certain suppression of this
process.

A study of the inclusion of thymidine-vclu in the liver
tissue showed that this suppression is temporary, since after
the ind of the experiment the n:ture of the inclusion of thymidine
~=Cl% in the liver of the experinental rats practically did not
differ from that in the case of the control rats. Data on the
activity of aminotransferases are .interesting in this connection.
These enzymes perform the transfer of amino groups from amino acids to keto
acids, as a result of which new amino acids are formed. An increase
in the activity of aspartates and alanlne aminotransferases
may indicate the development of destructive processes in the tissues
and, in particular, liver damage.

The aminotransferase activity was determined in two groups of
animals, of which one was kept at an altitude of 10,000 m for 5
days, and the other--98 days (Table 49).

TABLE 49

TRANSAMINASE ACTIVITY IN EXPERIMENTAL RATS (UNITS)

5-day_experiment No. or L98-3ay experiment
No. of rats | AGT*|ALT*MaGT/ALT rats | AGT | ALT |AGT/ALT
1 182 | 49 | 3.7 7 169 | 48 [ 3.5
2 182 | 65 | 2.8 8 143 | 42 | 3.4
3 200 | 72 | 3.3 9 195 | 81| 2.4
4 227 | 68 | 3.3 10 213 |126 | 1.8
5 159 | 51 | 3.1 11 124 | w2 | 2.9:
6 218 | 82 | 2.6 12 169 | 62 | 2.7
Ave rage 201 | 63 | 3.2 - 166 | 66| 2.5

A comparison of the data in w1rable 49 and the results of
determinations of transaminase activity in control animals (trans-
aminagse activity in their blood tluctvating within the range:
AGT--from 124 to 209 units, ALT=--frcm 42 to 98 unit: indicates
that a prolonged star at low barometric pressure does not sig-
nificantly influence these indicators, although in the animals
of the second group there 1s a more noticeable tendency toward a
decrease.

[V
=
G

Data from an investigation of blood sugar also indicate /
the dsence of signicant disturbances in liver function. 1In
exrerimental animals subjected to the experiment for 40 and 98

*Aspartic transaminase
#®Alanine transaminase
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days, the blood sugar content fluctuates between 94 and 150 mg
percent and i1s almost the same as in the control rats (94~148 mg
percent).

Thus, animals that spent an extended period of time (100 days)
in conditions of low barometric pressure, corresponding to an
altitude of 10,000 m (198 mm hg) in a pure oxygen atmosphere,
displayed no changes which were pronounced and dangerous for
their 1life and overall condition.

Firmly developed chain conditioned motor reflexes are not
disturbed in the conditions of the expeilment; they completely
retain their structure und the time characteristics of the
individual units.

Chanmes in the water-salt exchange during the first 30 days
were expresscd by a decrease in the hydrophilic nature of the skin,
a decrease in the amount of chlorides in the blood and an increase
in thelr elimination with the urine, and also by the welght loss
of the experimental animals. There are 1lndicatlons of a certain
suppression of the blosynthesis of deoxy-ribonucleic scid
in the parenchymatous liver cells, indlcatling the suppression of
growth processes in this tissue. These changes become less
pronounced in proportion to the inclusion of adaptation mechanisms.

As compared with the control experiment in the high-.altitude
experiment the body weight of the animals significantly increased
(as in the case of human beings in a 62-day experiment at an
altitude of 7,000 m), which, evidently, must be referred to the
direct influence of the rarefied atmosphere on the metabolic proces-
ses of the organism.
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CHAPTER V

AN EXTENDED STAY IN CONDITIONS OF A CHANGED 2207
GAS MEDIUM AND THE REACTIVITY OF THE ORGANISM

An extended stay by a man in a closed cabin of limited volume
in conditions of an artificial atmosphere, relative limitation on
motor activity and isolation, and significant nervous-psychological
strain is accompanied by definite changes in the functional condi-
tion of different systems of the organism.

, A study of the adaptive reactions of the organism in these
unusual conditions of existence, must come down in the final analysis
to a study of the reactivity of the organism, particularly if
we consider that the biological essence of reactivity is uninter-
rupted equilibrium, that 1s, adaptability of the organism to
changing environmental conditions.

The concept of the reactivity of the organism is very closely
connected with resistance. The mechanisms of reactive changes
in life activity, determining the resistance to different experi-
mental effects, may be manifested both in a decrease and an increase
in resistance.

In response to the effect of unfavorable factors, specific
and nonspecific reactions, aimed at preserving ihe relative
constancy of the external environment, may arise in the organism.
The specific reactions producing an increase in the stability of
the organism arise under the repeated effect of one stimulus or
another, such as overheating, oxygen deficiency, and so forth.

An increase in the resistance of the organism caused by the
action of some one factor (for example, oxygen dericiency) but Leing
manifested in the presence of the influence of a number of other
extreme factors (acceleration, sharp temperature f{luctuacions,
great physical loads,and so forth) is an example of the nonspecific
reactions of the organism. For example, Iin the case of the action
of a microbic stimulant on the organism an immunity to the given
stimulant appears and, at the same time, a nonspecific reactivity
is formed.

In order to reveal the functional changes arising in different
environmental conditions and characterizing the state of the over-
all reactivity of the organism, it 13 necessary to periodically
apply maximum functional loads. Such influences sharply raise the
requirement for a well-coordinated functioning of the systems

193

Laa e §onie SRUUARS b ocibor M ™ Saeirt) Bk B r (RO Tv-u s s B Aok o SORN V% v Sy



,.7V~':_N_ S SO

providing for life support of the organism and the development of
protective and adaptive reactions. The degree of change in physiological
systems enables one to judge the state of the reactivity of the organism
as & vhole.

One of the basic factors acting upon a man in airtight
compartments is hils air environment.

From the theoretical and practical point of view it is
extremely important to clarify whether the resistance of the
organism to the effects of extreme factors cnanges with a change
in the gas environment. The establishment of such a dependence
could serve as an additional criterion for the physiological
determination and selection of the most efficient gas medium
in airtight cabins for maintaining a high reactivity of the organism
not only in normal conditions but also under the influence of ex-
treme factors.

Some gas medlum parameters, permissible in normal flight, may prove to
be unfavorable in emexgency situations for example, during explosive decom-
pression, acute hyposia, high accelerations, aand so forth.

As applied to a pureoxygen atmosphere this problem is of
particular interest, since terrestrial creatures on our planet
did not run into high oxygen contents in natural conditions in
the process of their evolutionary development and did not develop
adaptive mechanisms corresponding to this influence. It must be

- assumed that it is precisely for this reason that the process of
adaptation to new living conditions, in particular to an extended
stay in an atmosphere with an elevated p0,2, will proceed more slowly and
complexly than the process of adaptation To factors met within everyday
life.

We succeeded in finding only one work (Bancroft, Dunn, 1965) /209
dedicated to the study of the influence of rapid decompression
(ascent a.ring 0.2-1 sec from an altitude of 10,670 m to 40,000 m
-=-2mm Hg) on the organism of animals preliminarily conditioned
to a pure oxygen atmosphere.

It was found that the longer the animals (dogs) stayed in
a vacuum, the more time was required for the restoration of their
vital functions. If the time spent with pressure decreased to
2 mm Hg was 120-180 sec, then up to 80% of the animals perished.

However, this study did not contain comparative data on the
survival rate of the animals of the control and experimental group
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after the pressure drop. Actually, the authors were studying the
influence of acute hypoxia on the organism and did not attribute
independent significance to the decompression itself, 1ts amount
and rate, and also did not consider the effects of preliminary
oxygen breathing on the ability to endure hypoxia.

The first research on the influence of explosive decompres-
sion on the organism of animals was conducted in 1935. A large
amount of factual material has now been accumulated and theories
have appeared which explain the mechanism ¢f the pathological
shifts in the case of explosive decompression. In the opinion of
most investigators, the basic harmful factor in the case of
‘explosive decompression is the sudden increase in pressure and
expansion of gases in the air-carrying cavities of the human and
animal body. (in the stomach amnd intestines, and especially, in the
lungs). The significant increase in intrathoracic pressure ob-
served here causes a number of reflex reactions on the part of
respiration and the cardiovascular system. These reactions are
the result of a powerful fiow of interoceptive impulses, arising
due to stimulation of the mechanoreceptors, abundantly present
in the lung tissue, air-carrying passages of the mediastinum, tae
large vesselssand the heart.

The degree of traumatic damage to the lungs depends on the
initlal pressure in the lungs, that is, on the air density
before the drop, the phase of respiration during which the
pressure drop occurs, the condition of the lung tissue and
respiratory passages, the presence of compensating clothing,and
other conditions.

Edelman et al, (1946) discovered ruptures in the lung tissue 210
and petechial hemhorrages in dogs in the case of a pressure drop
from an altitude of 3,000 to an altitude of 15,000 m during
0.02 sec. Henry and Cook (1945) showed that with the presence
of protective clothing the lung tissue of the same animal with-
stood a pressure three times higher than with the absence of
" compensating mediums.

Inflammatory processes in the tracheae or bronchi, accompany-
ing the accumulation of mucous, may increase the danger of damage
to the lungs in the case of explosive decompression.

The physiological mechanism of the structural and functional
changes which appear in the organism under the influence of
atmospheric pressure drops and means and methods of protect-
ing against the effects of thls factor were worked out in our
country by groups of scientists under the direction of L. A. Orbeli,
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M. P. Brestkin, A. G. Kuznetsov, D. Ye. Rosenblyum et al.

In animals (dogs and cats) neither life-endangering damage to
the internal organs nor massive air embolism was observed even
in the case of a pressu.e drop of 0.95 atmospheres during 0.8-
0.08 sec up to an altitude of 20,000 m and more (I. M. Khazen,
Ye. I. Kuznets, 1956; A. G. Kuznetsov, 1957; D. Ye. Rosenblyum,
I. M. Khagen, F. I. Pozhariyskiy, 1957, and others).

It has also been ghown that after explosive decompression (from
3,000 to 11,600 m) the frequencg of appearance of altitude
pains increases, amounting to 88%, while in the case of a slow
ascent to the same altitude decompression disorders are observed
only in 62% of cases (Hitchkoch, 1954). 1In our investigations
of ascent in an altitude chambor at a rate of 2 m/sec at
an altitude of 7,500 - 11,000 m_ with 23 participants of a mountain
climbing .expedition (86 ascents), altitude pains did not appear
in a single case .

The influence on the organism of explosive decompression
for thousandaths of a second has been studied in recent years.
The data obtained testify to the increasing danger of decompres-
sion, since the degree of changes observed to a significant
degree is determined by the rate of drop. Thus, in the case of a
pressure drop of 0.5 atmospheres and more, taking place with a
speed of 0.008-0.012 sec. the white rats tested died in 60-065% of the
_cases as & result of rupture of the lung tissue. 'The same drop, but
perfomed over 0.3-1 sec. » Was, as a rule, acconpanied by reversible
functianal changes.

. Comparative physiological studies showed that dropsin bare- /211
metric pressure lasting microintervals of time cause  significant
respiratory and circulatory dlsturbances, in which the degree of
expression of these disturbances depends on the type of animal
concerned. Mice and rats prove to be least resistant toa
pressure drop. The conditioned reflex activity of white rats is
significantly disturbed in the case of a pressure drop. Con-
ditioned motor reflexes are restored four to five days after the
effects of a pressure drop (I. M. Khazen, Ye. I. Kuznets, 19%6).

It was of interest to investigate the influence of rapid
pressure drops on conditioned motor reflexes, the performance of
which is possible only with a high lev=l of analytical synthetic
activity of the cerebral cortex.

In our investigations we studled the influence on the animal

organism of pressure droystaking place at a speed of 0.012- 0,008
sec.
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The experiments were conducted in a special pressure-drop
chamber, which was installed in a large altitude chamber
used as an auxiliary container.

In addition to the investigation of chain conditioned motor
reflexes in the animals (G.P . Doronin) we also used the usual
roentgenography and kinofluorog;aphy (12-24 frames/sec) of the
thoracic and abdominal organs at the moment of pressure drop and
immediately after the end of the experiment (A. R. Mansurov).

X-ray studies were conducted on 21 rabbits and 26 rats.
Chain conditioned rerlexes were investigated on 1l white rats. The
survival rate was determined on 10 rabbitsand 68 white rats. 1In
all»135 animals were subjected to 47 experiments.

The conditioned reflex activity was investigated before the
effects of pressure drop and at different periods after the pressure
drop until the complete restoration of developed food-acquiring
reflexes.

Stable results, indicating completed syntheslis of conditioned
motor reactions into a single :l.ain of food-acquiring motions,
were obtained in control experiments conducted before the pressure
drop. :

Durling an to vhe initial altitude the
behavior of the animals did not significantly change--only a
certaln intensification of the orientation reaction vas observed
during the first minute of the ascent. After a drop for 0.8 sec /2
the correct chain of foocd-acquiring motion appeared in 25-35
minutes, although some inhibitions were noted here, especially in
the reaction to the starting stimulus of the chain. The time of
the first link of the motion chain increased on the average by
104%, the second link--by 49%, and the third link scarcely changed
in its duration. Twenty-four hours after the pressure drcp the
speed of response reaction to the chaln stimulus was the same as
in the control experiment before the pressure drop.

'F—‘
n

In spite of the retention uf the positive change after a
pressure drop, all test rats displayed a clear disturbance of
the more complex 1link connected with the stress of the inhibiting
process =--the reaction of shutting off and inhibiting stimulus.
After the pressure drop an adequate reaction in comparison with the
norm was noted in only 60% of the cases. The time taken
for switching on an inhibiting signal doubled (to 5.5 sec).

Studies conducted 24 and 48 hours after the pressure drop showed
that during the course of the first days there is normalization not
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only ¢f positive chain reflexes, tut also of adequate reaction to
the application of a conditioned inhibition stimulus.

Aftor complete restoration of conditioned reflex activity the
test animals were subdjected to a pressure drop of the same magni-
tuje (0.5 atrispheres), but at a speed of 0.008-0.§12 sec. At
this rate of drop severe damage to the structure of lung tissue
appeared and in most cases the experiment ended with the death of
the animal during the first minute after descent from the final
sltitude. The direct cause of the death of the animal was the
severe damage (rupture) of the lung tissue during the drop, which
was indicated by the release of foaming bloody fluid from the
respiratory openings and the result of pathomorphological studies.
The restoration of chain conditioned motor reflexes was investigated
on the rats which remained alive after the ; ressure drop. During
the first two to three hours the condition of the animals was
severe : the rats maintained an immobile position with half-closed
eyes ; the fur was disheveled. Ther¢ were no motor reactions to
conditioned stimull, Often a genative reaction was obzerved /213
upon switching on the "triggering" link. Even to a stimulus similar to
an unconditioned reinforcement (knocking on the feed tray),only
an orientation reaction was observed, which points to the
suppression not only of conditionedbut also of unconditioned re-
flexes,

Response reactions to the chain stimulus began to appear
three to four hours after the pressure drop. The mobility of
the animals was significantly decreased, there were no inter-
signal reactions, and chain motor reflexes proved to be substantial-
ly disturbed. The duration of the first 1link sharply increuased
(by 187%) while the second link increased by 80% and the third by
U1%. Response motor reaction to several stimull of the chain
completely ceased. It is characterist!c that in this case instead
of movirg to area no. 1 a rat moved to area no. 4, that is, a
reaction, corresponding to an inhibiting stimulus, was observed.
At the same time adequate reaction to conditioned inbibition most
often was absent and a negative reaction was cbserved. This indi-
cates that restoration of conditioned motor activity took place
in phases.

On the second day after the pressure drop the time taken ror ful-
filling individual links of the chain reflex approxizated
the origimal values to a considerable degree however, some disturhances in the
stiucture of the foodeacquiring chain continued to exist,
Sometimes an imperfect chain was observed in which there was no
motion to the second stimulus. Adequate reactioun to the application
of conditionéd inhibition usually appeared, although the time required
for turning off the inhibiting sipgnal remained inereased by 17T,
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The system of complex food-acquiring reflexes which had been
developed was restored two days after the pressure drop.

In the next stage of our investigation it was extremely import-
ant to establish the influence of a multiday stay in a pure oxygen
atmosphere at a total pressure of 198 mm Hg on the ability to
withstand explosive decompression. The drop was performed (over
0.008 sec.) from an altitude of 10,000 m to a practically complete
vacuum (2 mm Hg, an altitude of 40,000 m). Here we determined
the survival rate of the animals and recorded electrocardiograms,and
electromyograms of the abdominal muscles and the nature of the
change in respiration. X-ray and mcrphologlical studies were /214
conducted befcre and after the action of explosive decompression.

Table 50 presents data characterizing the survival rate after
the acction of explosive decompression of control ~nimals and
animals subjected to a prolonged exposure to an altitude of
10,000 m in a pure oxygen atmosphere.

TABLE 50
SURVIVAL RATE OF ANIMALS AFTER THE ACTION OF

EXPLOSIVE DECOMPRESS1ON IN MICROINTERVALS OF
TIME (FOR 0.008 SECONDS)

Test animals--multiday
Numbegoggrol stay in pure oxygen at-
Type of animals in f——mosphere 1
animal experiment No. 1lost No. of animals
* in experiment No. lost
Rabbits 5 1 5 I 3
White rats 33 5 35 16

From Table 50 it is seen that a preiiminary multiday
breathing of pure oxyge: aven at a total pressure of 198 mm § has
an unfavorable effect on the resistance of the organisa to
explosive decompression, which correspondingly 1is reflected in
the survival rate of the animals.

The literature contains information on the positive influence
of high oxygen concentrations on certain physiclogical functions
of the organism and increased resistance to different extreme
influences: acceleration, sharp temperature changes, high
carbondioxide concentration, accumulation of carbon monoxide,
vestibular disorders ,and so forth (S. T. Agarkov, A. N. Namyatnyy,
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'1962; A. G. Zhironkin et al.,1965, and others).

As far as the ability to withstand acute hypoxia after
different periods of stay in a hyperoxic medium is concerned, the
available information is very limited and contradictory. Thus,
A. G. Zhironkin et al- (1965) established that a long-term (up to
10-day,; stay by animals in an atmosphere containing 63% oxygen at
ground level pressure increases thelr resistance to acute
hypoxia. Ye. M. Sazonova (1959) indicated ar intensification
of the contracting function of the myocardium in the case of
inhaling a gas mixture containing 60% oxygen. However, most
of these studies were short-term in nature and did not reveal
the dynamics of the changes which occur in the organism during
an extended stay in hyperoxic conditions. Therefore, experiments
conducted. to explain the resistance of the organism to acute
hypoxia after different periods of stay in an air medium enriched
with oxygen (imitation of cabin depressurization) has important
theoretical and, particularly, practical significance.

N\
N
'—l
N

We studied the ability to endure acute hypoxia at different
periods of stay in an atmosphere with a high partial oxygen
pressure. In studies on human beings the altitude resistance was
determined both before and after an extended (10-day) stay by the
subjects in an airtight chamber containing 54% oxygen at normal
atmospheric pressure, an air temperature of 22°,and a relative
humidity of 78%.

In order to determine the time to unconsciousness the subjects
were "raised" in an altitude chamber at a rate of 15m/sec to an
"altitude" of 7500 m wearing an oxygen mask. At this altitude
the subjects in turns removed their masks and conducted an investi-
gation to determine the time to unconsciousness. The experiment
was stopped upon the appearance of severe functional disorders (pro-
nounced tachycardia, the appearance of cramps or indications of
fainting), and also upon the first request of a subject.

As a result of these studies it was established that the time
to unconsciousness at an altitude of 7500 m after hyperoxia (54%
oxygen) decreased in subject N-ov by 10.6%, and in subject M-ov
by 33.8%, being respectively 6 minutes i0 seconds and 6 minutes
20 seconds.

Staying in a rarefied atmosphere after the prolonged action of
hyperoxia on the organism required much greater exertion on the
part of the cardiovascular and other systems of the organism.

An investigation of the cardiovascular system upon performing

work on a veloergometer (with a power of 1200 kgm/min for 5 minutes)
showed that,after a 10-day hyperoxia,adaptation to a load
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significantly worsened: the amplitude of pulse reactions
sharply increased; restoration of physiological indicators after
performing work was retarded in nature.

All this indicates that as a result of a man spending a /216
prolonged period of time in hyperoxic conditions there is a
weakening of the mechanism responsible for combatting a subsequent
oxygen insufficiency. Presenting the organism with high demands,
for example, decreasing the partial oxygen pressure in the inhaled
alr with an ascent to an altitude of 7500 m, or hypoxia developing
in the organism upon the performance of high intensity work
leads to an insufficiency of the above mentioned physiological
compensatony and adaptive mechanisms.

We also obtained similar data indicating a lowering of a
man's resistance to the effect of acute hypoxia, great physical
loads (running on a treadmill) and accelerations after an ex-
tended (62-day) stay in the artificial atmosphere of an airtight
chamber at an altitude of 7,000 m (pressure 308 mm Hg, oxygen
53% "high-altitude").

For aviation and space medicine it is very important tc show
how the resistance of the organism vo acute hypoxia changes not
only before and after a stay in a hyperoxic medium, but also
directly during the action of high oxygen concentrations.

A series of experiments on animals was set up with this
purpose in mind.

White male rats weighing 170-200 g each were used for the
experiments. Two series of experiments were conducted. In the
first series of experiments the animals were kept for 10 days in a
two K-NZh chamber, 0.8 m3 in volume and specially equipped for a
long-term stay, containing on the average 89% oxygen (fluctuating
from 83 to 97%) at ground level pressure. In the second series
of experiments the oxygen content in the chamber was, on the aver-
age, 53% (47-58%), and the animals spent 20 days in the chamber.
The 2K-NZh chamber was equipped with an external oxygen regeneration
system, for maintaining the given parameters of the gas medium.
The oxygen content of the chamber was controlled with the ald of
a gas analyzer. The temperature of the chamber fluctuated
between 17 and 22°, the carbon dioxide content--from 0.3 to 1%.
The resistance of the animals to acute hypoxia (survival time at
an altitude of 12,000 m) was determined in a 30-liter capacity
chamber, located within the large 2K-NZh chamber, in order to
maximally approximate the conditions of the experiment to con-
ditions which could arise in flight in the case of cabin depres-
surization. In determining the altitude resistance the animals
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Fig. 29. Survival time of animals at an altitude of 12,000 m after
different periods of stay in an atmosphere containing 89% oxvgen.

were placed in the pressure chamber without disturbing the hermetic-
ity of the medium by means of special adaptation of the large

2¥-NZh chamber and then raised to an "altitude" of 12,000 m

at a rate of 25 m/sec. A "landing site" was established at this
altitude and the survival time determined. The experiment was
stopped upon the appearance of cramps and agonal breathing in the
animals. During the period of infiuence of hypoxia and after
"descending" to ground level pressure the behavior of the animals
was continuously observed, the rectal temperature was measured, and
the rate of cardiac cortractions and respiration recorded.

Reslstance to acute oxygen starvation in the rirst serles of
experirents (89% oxygen) was determined up to the long<term
experiment (as a control), daily during the stay in an atmosphere
with a high oxygen content and for 2 weeks after replacing the
hyperoxic medium with an ordinary atmospheric medium. In the
second series of experiments (53% oxygen) the altitude resistance
was determined in the initial condition (control), every five days
spent in the medium containing 53% oxygen, and for 10 days during
the after effect period. In all, 219 experiments were conducted,
of which 150 were In the first serics and 69 in the second sevie

The results of the first series of experiments are shown in
Flg. 29. The data obtained indicate that the resistance of the
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animals to acute hypoxia significantly changed in proportion tothe
time spent in a gas medium conuaining a high oxygen concentration.
Thus, 1f in the control experiment (before placing the arimals in a
hyperoxic medium), the survival time at an altitude of 12,000 m

was on the average 11 mirutes 38 seconds, by the end of the first
day it had increased by more than 3 times and reached 38 minutes

18 seconds, and on the second day it increased by almost 4 times.
The sharp increase in resistance to oxygen deficiency observed /218
during the first day evidently results from a significant
increase in the partial pressure of oxygen in the blood and tissues
of the organism due to its excess content in the hyperoxic

medium. It 1s as if an oxygen reservoir were created in the
organism. In addition the oxygen consumption increased signifi-
cantly and a high efflciency of oxidizing processes in the brain
tissues was observcu. From the third day the resistance of the
animals to hypoxla began to decrease progressively. During this
perlod regulatory mechanisms were switched c¢n which limited the
entrance of excess amounts of oxygen to the organism, as a
consequence of which there was a decrease iIn the oxygen consumption
of the animals, and also a decrease in the capacity of the brain
tissue for oxidation, and especially for the phosphorylation
connected with it (N. A. Agadzhanyan et al,, 1968).

The greatest decrease In altitude resistance was observed on
the Fifth day spent in an atmosphere with a high oxygen content.
During this period the most significant disturbances in the
activity of the different physiological systems and the
highest animal mortality were observed. Autopsies of the dead
animals revealed massive edema of the lungs with damage to the
alveell and interalveolar septa. All the alveoli were filled
with serous fluid.

Whereas for the first days a significant increase in the
respiration rate, restlessness, and increased water and food
consumption were observed, during the followlng days the
picture was reversed: inhibition, refusal of food and
water, and then the death of the animal. Labored breathing
involving the supplementary respiratory musculature in the act of
breathing was noted. A viclous clrcle sceemed to be created where,
on the one hand, there was a respiratory insufficlency due to
the exclusion of a significant part of the lungs from the act of
breathing (congested form of hypoxia) and on the other an
inability to compensate for it by means of Intensifying the
external respiration function because of the toxic effect of
oxygen itself. Later (on the sixth day) it was noted that function-
al shifts tended to level out.

The resultsof an analysis lead one to assume that the J219
organisms adapt to hyperoxia by changing the level of metabolic




processes, This is confirmed by the fact that the rectal
temperature of the rats progressively decreased in proportion

to the time spent in a hyperoxic medium and toward the end of
the experiment decreased on the average by 4-5° in comparison
with the initial level. Our data agree with the results obtained
by A. G. Zhironkin et al, (1965), which showed that in hyper-
oxic conditions there i1s a slowing of the metabolic processes

in mice, caused by hypofunction of the thyroid gland, a lowering
of the excitability of nerve center and a decrease in the

gas exchange volume, Decreased resistance to hypoxia is
particularly precnounced during the after effect period » that is
after replacement of the high-oxygen medium by a normal

atmosphere. The survival time at an altitude of 12,000 m

decreased in this cese to 1 minute 31 seconds, while in the

original condition (before the experiment) it was, as we have already
indicated, an aversge of 1l minutes 38 seconds.

The data obtained in our experiment indicate that the organism
is unfavorably influenced by sharp changes in the gas composition
of the environment: from & hyperoxic one to a normal or hypoxic
one.

All this i3 ccnfirmed by the severe changes 1n all vitally
important functions of the organism caused by the toxic influence
of oxygen. later (for approximately, the second to third days) the
resistance of tle animals to acute hyposia increased, somewhat
the gas exchange indices improved and the function of external
respiration gradually nomalized. The animals began to reed
normally and increased considerably in weight. During the eleventh
to thirteenth days after the influence of a hyperoxic medium
the survival time at an altitude of 12,000 m was already around
8 minutes, however even on these days it did not reach the initial
level. This again confirms that a prolonged (up to 10-day) stay
in an atmosphere with a high oxygen content (89%) leads to severe
functional disturbances in the organiasm,

In this regard our results do not apgree with the data of A. G.
Zhironkin et al,(1965), who showed that mice spending 10 days in
hyperoxic conditions (63% oxygen) not only did not suffer a de-
creased resistance to hypoxia, but even experienced somewhat of an

increase in resistance. It 1s dirflcult to sive an exhaustive 72

explanation oC such a difference; however, in our opinton,

it is connected with the lower oxygen concentration (53%) in the
experiments by A. G. Zhironkin et al. Morecover, the hypoxia

was created by means of replacing the ox: ten with nitrogen. This
excludes the influence on the organism of the very factor of
rarefaction, under which, due to the expansion of gases in the

abdominal cavity and stimulation of the baroreceptors of the venav
cavae, impulses enter the central nervous system which intensify




the effect of hypoxia and lower altitude resistance. The different
rate ' of increase of hypoxia also has an effect. In the experi-
ments of A. G. Zhironkin et al.it wus approximately 6 m/sec. In
_this case more favorable conditions are created for the development
of compensatory and adaptive reactions by the orgenism than in the

case of an altitude chamber ascent at a rate of 25 m/sec. In our
experiments it was established that the rate of increase of
hypoxia has independent biological significance with respect to

the nature of the response reactions of the organism to oxygen
deficiency (N. A. Agadzhanyan, A. V. Sergiyenko, 1966).

We obtained somewhat different results in experiments on
?nimals §pending 20 days in an atmosphere containing 53% oxygen
Fig. 30).

From the data presented in Fig. 30 it is obvious that resistance
to acute hypoxia in the process of a prolonged stay in a medium
containing 53% oxyger also varies significantly. On the fifth
day of the effect of 53% oxygen the altitude resistance increased
by 30% in comparison with the initial data, which, as we have
already indicated, is probably the result of better blood oxygena-
tion. On the tenth day of the experiment, as a result of significant
disturbance of the regulatory and compensatory mechanisms, there
was as a rule, a pronounced decrease in altitude resistance. On
the whole it amounted to 69% of the initial level. A still more
significant decrease of the ability to withstand hypoxia was
observed on the fifteenth and twentieth days of the experiment.

The altitude resistance on the fifteenth day decreased by more
than five times and on the twentieth day by ten times in comparison
with the 1nitial level.

It is obvious that a cumulative effect is observed in the case
of a prolonged (more than 10-day) stay in an oxygen-enriched
medium. /221

Immediately after replacing a medium containing 53% oxygen
with ordinary atmospheric air the resistance to acute hypoxia,
8s 1n the first series of experiments, sharply decreased. The
survival time at 12,000 m was, in all, 40 sec (8% of the initial level).
However, already by the fifth day after the replacement of thegas
medium the altitude not only reached its initial values, but even
somewhat exceeded them. By the tenth day it was the same as in
the control experiment, while in the first series of experiments
(89% oxygen) complete restoration of altitude resistance was not
reached even after two weeks.

It is interesting to note that while in the first series of
experiments (89% oxygen) 52% of the animals died while in the
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Fig. 30. Survival time of animals at an altitude of 12,000 m

after different periods of stay in an atmosphere containing 53%
oxygen. '

2K-NZh chamber, in the second series of experiments with a
53% oxygen content the animals did not die, although they clearly
showed the symptoms of acute hypoxia.
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The results of the experimental investigations provide the /222
basis for assuming that the problem of the periods of time spent
in a hyperoxic medium has independent biological significance,
referring, in particular, to the ability to withstand acute hypoxia.

It 1s well known that one of the manifestations of acute
hypoxia, of the toxic effect of high oxygen concentration, is the
appearance of cramps. As a rule, the cramps were generalized with
the predominance of the tonic phase. Earlier we had shown that
hypoxic cramps usually were absent in the case of an altitude
chamber ascent at a rate of 25 m/sec, and if they appeared, they
were extremely insignificant and were primarily of a clonic
character (N. A. Agadzhanyan, A. V. Sergiyenko, 1966).

We established that there 1s a definite relationship between
hypoxic cramps and the duration of a stay in a hyperoxic medium.
The appearance of cramps in most animals when determining
the altitude resistance in a 10-day and, especially,
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in a 15-day experiment 1s not without interest, although in the
initial period and in a 5-day stay in hyperoxic conditions

(53% oxygen) with ascent to an altitude of 12,000 m cramps were observed
in almost no experiment.

Thus, the results of the investigations conducted agree with
the data given | in the literature;that a prolonged stay in an
atmosphere containing high oxyger. concentrations at ground level
pressure has a pronounced toxic effect on the organism. At the
same time, brief hyperoxia improves oxygenation of the organism
and thus significantly decreases the danger of the development of
acute oxygen starvation ,in the case of depressurization of
the medium of habitation, with significant rarefaction of the
atmospheric air. ’

Investigations conducted in an atmosphere containing 53% oxy-
gen showed that this concentration also effects men and
animals. In the case of a prolonged stay in such a gas medium
the oxygen has a cumulative effect, the result ' of which is a
significant decrease in the resistance of the organism to acute
hypoxia. Therefore the use of such a medium for a prolonged
period is not expedient in aviation and astronautic technology.

The study of the combined influence of extreme flight factors /223
on man is one of the important problems of space physiology.
This 1s connected, first of all, with the fact that in real
flight it is possible for the air regeneration and purification
system to break down, for the cabin to become depressurized, and
so forth.

There is information that the combined influence of explosive
decompression, oxygen deficiency, vibrations, high temperature,
and hypoxia has a more significant effect on the organism than
each of these flactors separately (Yu. M. Uspenskiy, 1943;
Ye. V. Gubler, 1962; Megel et al, 1963; Furry, 1961; A. N.
Namyatyy, 1966; N. A. Agadzhanyan, 1968, and others).

In research on animals it has been established that the ability
to withstand acute hypoxia depends not only on environmental
conditions, mainly the gas composition and temperature conditions
in an airtight chamber, but also on the duration of the stay in
the conditions of an artificial atmosphere (N. A. Agadzhanyan,

A. V. Sergiyenko, 1969, 1970).

The literature contains information to the effect that the
addition of carbon dioxide to the gas mixture to be inhaled
increases the resistance of the organism to hypoxia (V. V.
Strel'tsov, 1933; I. R. Petrov, 1949; M. Ye. Marshak, 1969,
and others). A number of studies by native and foreign authors
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also are dedicated to the lnvestigation of the ability to with-
stand acceleration after a stay in an atmosphere with a high
carbon dioxide content; however, the opinions of the investigators
are contradictory.

We studied the ability to withstand acute hypoxia and lateral
acceleration (8 g) after a prolonged stay by man and animals in an
atmosphere with an increase up to (pCO2 = 45 mm Hg) carbon
dioxide content.

With the participation of elight subjects,six long-term
experimencs were conducted in an atmosphere with a higﬁ carbon
dioxide content (pCO, = 22.8, 30.4, 38 and 45 mm Hg) under
normal and low (405 Hg) barometric pyessure. Tne experiments
were performed in an. altitude chamber 8 m” in volume,
specially equipped for extended human occupation. A hypercapnic
medium was created due to the carbon dioxide exhaled by the sub-
Jects and automatically maintained at a strictly predetermined
concentration with the aid of gas analyzers. The partial pressure
of oxygen was 150-165 mm Hg, the temperature 22+1°, the
relative humidity 60+10%. A high carbon dioxide content in the

P~ 760 P-760 P -405 ¢-510
00,-159 p0,~159 | p0,~159 pOy~105
pC0,-30.4 9C0,~456 pCO,-38 $CO4~22,8
olrso  p.ye, MOHEL g mmHg o, ~mmHg  mmHg
pOy =1il 90, -159 pOg~ 159 | ¢02-159
pCO,~2 9CO-22.8 pCOy-38 | pCO,-22.8

Fig. 31. Time to unconsciousmess at an altitude of 7500 m after /22y
a prolunged stay in a hypercapnic medium.

White columns--before Iinfluence of carbon dioxide; black columns--
after influence of carbon dioxide.
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chamber was malntained for 5 days, and for the remaining time (be-
fore and after the creation of a hypercapnic medium in the
chamber) the gas composition corresponded to the earth's atmosphere.

The total duration of each experiment was 10 days.

Investigations of the ability to withstand acute hypoxia and
accelerations were conducted before and after the long-term
experiment in a hypercapnic medium.

From the data presented in Fig. 31 it is obvious that after
a 10~day stay in an altitude chamber with a normal gas compo-
sition the time to unconsciousness of the subjects practically
did not vary. With an increase in the carbon dioxide concentra-
tion in the chamber to pCO, = 22.8-30.4 mm Hg,the time to
unconsciousness for subJecg O-v increased from 5 minutes 57 seconds
to 7 minutes 35 seconds (a 27% increase), and the time to uncon-
sciousness for subject Og-v from 10 minutes 42 seconds to 12
minutes (a 12% increase). Subject D-v in all cases withstood
acute hyporxia well. Probably, this is connected with the fact
that earlier he had ©been acclimatized to high mountain
condivions several times over the course of a long period of time.

according te the results of an investigation of physiologicai /225

reactions, and according to subjective indicators, the altitude
resistance of all subjects was better after the influence of
hypercapnia than before the experiment. A further increase in
the carbon dioxide concentration chamber (pCO, = 32 mm Hg and
more) produced a sharp decrease in the altituae resistance of
subjects and more significant changes in the physiological reac-
tions of the organism (see Fig. 35).
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Fig. 32. Survival rate of animals at an altitude of 12,000 m

(in percent) as compared with the initial level after dirferent
periods of stay in a hypercapnic medium with a pCO, of 45.6 mm jg.
White columns--at normal pressure; black columns--aith low pressure
in the chamber.
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The most significant decrease in altitude resistance, from 50
minutes to 3 minutes 35 seconds, was observed with an increase in the
pco2 in the chamber to 43-45 mm Hg. This is connected with the fact

that an increase in the pCO2 in the inhaled and alveolar air of more

than 40 mm yg causes severe disturbances in the functional systems of
the organism. In addition, as a result of the pronounced hyper-
ventilation resulting from the specific effect of carbon dioxide

on the respiratory center, on the one hand, the energy consumption
for intensive work of the respiratory musculature increases, andy

on the other hand, hypoxic reactions are more clearly manifested
against the background of such hypercapnia (I. R. Petrov, 1949;

N. A. Agadzhanyan, A. V. Sergiyenko, 1970, and others). Similar
data were obtained in experiments on animals (Fig. 32).

Tr- investigations showed that up to a certain level hypercapnia
in combination with hypoxia has a stimulating influence on the organ-
ism. The intensification of the reaction on the part oi the respira-
tory organs and the cardiovascular system in these conditions improves
blood oxygenation and prevents the harmful consequences of hypoxia.
An increase in the partial pressure of carbon dioxide facilitates
the transfer of oxygen from the bdlood into the tissues and de-
creases the oxygen consumption (M. Ye. Marshak, 1969, and others).
Moreover, due to the local vascular-expanding effect of carbon /226
dioxide there 1s an improvement in the blood delivery, and
consequently, the oxygen delivery to such vitally important or-
gans as the brain and heart (N. V. Sanotskaya, 1966), which slso
leads to an increase in the resistance of the organism to oxygen
deficliency. However, this adaptive effect is not long-lasting.

Extreme hypoxia (less than 8% oxygen) cannot intensify, but,
on the contrary, suppresses ventilation reaction to carbon dioxide,
and high carbon dioxide concentrations (more than 6%) produces a
weakening or even a disappearance of respiratory reactions to
hypoxia.

Data on the ability to withstand acute hypoxis after a prolonged
stay in a hypercapnic medium agree with the results of experiments
conducted on a centrifuge (M. A. Agadchanyan, Ye. B, Shul'zhenko
et al,, 1971). It has been shown that a man's resistance to a
lateral acceleration of +SGx after a stay in an atmosphere with an

elevated carbondioxide content wvas, as a rule, decreased (Tatle 51).

As 1s seer in Table 51, in the case of only one subdbject
{D-ov) was theduration of the effect of acceleration somewhat
greater after a stay in an atmosphere with a high carbon dioxide
content (p002 = 22.8 mm Hy) than in the control experiments.
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TABLE 51

INFLUENCE OF AN ALTERED GAS MEDIUM WITH AN
ELEVATED CARBON DIOXIDE CONCENTRATION ON THE
ABILITY TO WITHSTAND ACCELERATIONS OF +86x

Tr Duration of Effect of Accelerations of +BGx
Subjects Background Fwnh pCO2 = 22-38 mm | With pCO, ~ 38 mm
Data Hg; P = 760 mm Hg Hg; P = ﬁos mm Hg
D=ov 3 min 26 sec 4 min 14 sec -
A-n 7 min 05 sec 1 min 02 sec 5 min 24 sec
N-v 16 min 21 sec 8 min 21 sec 9 min 30 sec

With an increase of more than 22 mm Hg in the pCO, in the chamber,

2
the abllity to withstand accelerations worsened for all subjects.

In the course of time influence of acceleration, the frequency of
cardiac contractions rose and the arterial pressure increased from
110-120 to 170-180 mm Hg. The electrical systole of the hecrt
(the Q-T interval) and the systolic index, determined accord’'ng
to the Fogel'son-Chernogorov method, decreased relatively, the
amplitude of the T spike lowered and a shift in the S--T interval
was noted. These changes were maintained for 10-15 minutes du.ing
the aftereffect period. Disturbances in the rhythm of cardiac
activity (in the form of extra systoles) were noted in two subjects
(A-n and D-ov).

An analysis of the results of these investigations showed that
evidently, hypercapnie and respiratory acidosis, which, as is known,
even develope in the case of a shorter stay in an atmosphere with a 3-5%
carbon dioxide concentration, are the basic mechanism of the above-mentioned
shifts.

The decrease in the rate of cardiac contractions and respira-
tion observed during the operation of acceleration was very likely
the result both of the influence of carbon dioxide on the tonus of the vagus
nerve and of the inhibition of the sub-
cortico structures. The decrease in the systolic index in these
conditions evidently indicates a lowerling of the contractive
ability of the myocardium under the influence of hypoxia and
elevated carbon dioxide concentrations.

The changes shown on the EKG confirm the opinion of L. I.
Fogel'son (1957) that the changes in the T spike in the case of
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a prolonged stay in an atmosphere with an elevated carbon dioxide
concentration are of a two-phase nature. Thus, T. N. Zheludkova
et al. (1964), in the case of the short-term (for 6-12 hours; action

of a gas mixture with a 3-5% carbon dioxide concentration,noted
an increase in the T spike, while in our investigations, on the
contrary, after a more prolonged (4-5 days) stey in such an atmosphere, there
"was noted a decrease in its amplitude. '

Thus, the results of these investigations indicate that after
a multiday stay in an atmosphere with an elevated (pCO2 more

than 30 mm yg) carbon dioxide content the ability of a man to with-
stand acute hypoxia and lateral acceleration is significantly
lowered.

As investigations on human beings and animals showed, 1in
evaluating and normalizing the parameters of the gas medium in
inhabited airtight cabins it 1s necessary to determine the influence
of the maximal permissible concentration of oxygen and other gases
not only according to data on changes in the physiologlical reactions
of the organism in the course of a long stay in artificial atmospheric
conditions, but also according to the subsequent results, character-
izing the ability to withstand extreme influences after different
periods of stay in different gaz media.
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CONCLUSION o I | 228
We have examined experimental data on the physiological basis
of different parameters of an altered gas medium and the principals
of the formation of an artificial atmosphere for airtight compart-
ments. ' ' ' S o

, ~ The materials presented indicate that the creation of an arti-
ficigel stmosphere for sirtight compartments entells a series of

bpiomedical and enginesring problems requiring exten- '

gsive study for thelr solutilon.

The general requirement for an atmosphere for airtight cabins
may be formulated as follows: the atmosphere with respect to
pressure, content of oxygen and other gases, temperature, humidity,
concentration of ions and narmful impurities must provide for
stable human working afficiency in flight, satisfy the necessary
comfort regquirements, be safe for the organism and be capable not
only of being controlled, butalso of beling regenerated by simple
and reliable means.

In spite of the fact that modern aircraft are equipped with alr-
tight cabins; hypoxia, which may cccur in an emergency situation,
represents the greatest danger for man. In investigations with
humsi participation and in experiments of animals we have showl
that in conditlons of oxygen defleiency there appear functiona
disturbances in different physiologieal systems of the organism
and, primarily, in the function of the higher sectlons of thebralin.

The explanation of the deeper mechanlsms of the disturbance
of brain activity under the affects of hypoxia, correlation of the
piocelectrical activity with conditioned refleX activity and
metabolic processes, and study of the "ahemical congradients
of the reaction of the brain to the effects of hypoxia are problems
for further investigation.

The establishment of optimal barometric pressure in spacecraft
cabins also has important significance for the gas medium para-
meters. The literature and our own experimental data indicate /2
that fron the physioclogleal point of view, the total prassure of
the gas medium in spagecraft cabins, especlally in the case of
extended flights, should be maintained below abtmospharlie pressure.
This is to decrease the danger of the influence of explosive
decompression 1n the case of cabin depressurization, o decresse
gas leakage from the cabin, to decrease cabin weight and energy

consumption for ventilation, to improve heat regulation and to

2]
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-ereate the most favorable conditions for entry and exit from the cabin
in outer space conditions. The relative percenteges of the gases in the

. .spacecraft atmosphere changes in correspondence with the

pressure change: the oxygen concentration increases and nitrogen
decreases. The remaining parameters remaln without significant

changes.

~ We established that 1t is possible for a man to spend a long
(62-day) time in an airiight chamber with a reduced atmospheric
pressure, corresponding to an altitude of 7,000 m (308 mm Hg) and a
normal partial pressure of oxygen (160-180 mm Hg).

A further decrease in the barometric pressure in airtight
cabins (below 300 mm Hz), probably, is inexpedient due to the
-danger of the appearance of decompression disorders iun crew members.

Although up to the present time inthe space flights of Soviet
and American astronauts there have been no cases of the appearance
or altitude pains, the posslibility of their appearance is not
excluded, particularly in the case of an extended space walk, when
the pressure in the space suit is decreased. As we have already
indicated, the presence of an inert gas, for example nitrogen, is
necessary in order to prevent the development of atelectasis
of the lungs. At the same time, in the case of decompression it is
precisely because of the presence cf nitrogen in the atmosphere
that altitude pains occur, the occurrence of which may be avoided
only by inhaling pure oxygen.

The question naturally arises of whether nitrogen is necessary
for supporting life 1n the aboveementioned condition.

Our experimental data showed that animals survive for several
months in a single gas atmosphere of pure nitrogen at a pressure of
198 mm Hg. Berry ar:® Smythe (1962) also did notdiscover any sig-
nificant metabolic disturbances in mice that spent 3 weeks in a
pure oxygen atmosphere at a pressure of 226 and 187 mm Hg. (9,000
and 10,200 m).

However, judging by Allen's experiment (1962), a categorical /23C

denial of the biological role of nitrogen for the activity of the
animal's organism is premature. The author showed that in the
conditions of pure oxygen at a pressure of 190 mm Hg there is
observed a retardation of the development of the wascular system of
chick embryos, and assumed that the cause of this was the absence
of nitrogen in the gas medium.

Our investigations have shown that in the case of a prolonged
(100-day) stay by animals at an altitude of 10,000 m (198 mm Hg) in
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a pure oxygen atmosphere there 1s observed anlengthening of the
pregnancy period (by 5-7 days), the appearance of stillborn

offapring and a retardation inweight increase as compared with
control animals born in normal conditions. Thenecessity for

further investigations in this direction is obvious. It is also
efficient to use an inert gas in the atmosphere of a spacecraft cabin
because of the danger of fire and meteorite collision.

It has been shown that 1f the atmosphere of an airtight cabin
contains pure oxygen at low pressure (196 mm Hg) then the rate of
combustion is doubled due to the absence of nitrogen. The fire
danger connected with the use of pure oxygen at a pressure of 258
mm Hg was also confirmed in long-term (9-14 day) experiments,
conllucted with human beings (Welch et al, 1961, and others). As
far as heat conductivity is concerned, oxygen is inferior to
nitrogen and other inert gases. Consequently, in a pure oxygen
atmosphere it is necessary to have more cooling (Schaefer, 1964).

It is necessary toconduct further investigations with respect
to discovering the most efficlent atmosphere for manned airtight
cabins, in particular, with respect to studying the biological
role of ilnert gases and the possibility of their practical application.
The best variant would be the creation of systems providing for
automatic cabin contral of an optimum artifical atmosphere depend-
ing on the particular concrete flight conditions.

At the same time it 1is necessary to seek means of increasing
the resistance of the organism to different unfavorable influences.

We studied hypoxic hypoxia and developed means of increasing
the resistance of the organism to oxygen deficlency both by means
of ~ressure chamber training and mountain acclimitization, and
also by means of chemical and hormonal stimulation of the processes
of adaptation tohypoxia.

These results showed that active mountain acclimatization
1s a promising method not only for the purposes of increasing the
resistance of the organism tohypoxia, but also to various other
extreme factors (acceleration, high temperature, great physical
loads), to long isolation, monotony of surrocundings, sharp
fluctuations of temperature, humidity, and increased ultraviolet,
infrared and cosmic radiation. Mountain acclimatization is, more-
over, a means of curing and preventing many pathological processes
which may arisz in astronauts in flight.

The result of the high mountain expeditions we conducted show

that after mountain acclimatization,the resistance of the organism
to the appearance and develcpment of altitude pains is increased.
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Around 100 chamber ascents to an altitude of more than 7,000 m
(7500 - 12000 m) were conducted with the participation fo 26 sub-
Jects. Here, after mountain acclimatization, no case of the
appearance of altitude pains was found, although most of the sub-
jects spent more than 30 minutes at altitudes exceeding 7400 m
without oxygen, and in addition, some of them performed quite heavy
physical work according to a special program.

There are also indications of this in the work of foreign
authors. Thus, Hurtado and Clark (1950) note that mountaineers
(inhabitants of the Andes) manifest great resistance to altitude
pain. Combining mountain acclimatization with physical training
of subjects, Balke and Wills (1958) also observed an increase not
only of altitude resistance but also of resistance to decompression
sicknesgs.

The rate of decompression also influences the appearance and
development of altitude pains. While altitude pains are manifested
in 5-25% of cases with a chamber ascent to an altitude of 7500-12000
m at a rate of 15-25 m/sec, with a decrease in pressure at a rate of
2 m/sec decompression sickness did not appear in any of 19 subjects
(N. A. Agadzhanyan, 1968).

Increasing the resistance of the organism to the effect of /232
environmental factors 1s a very complex biological problem. The
investigations of physiological processes on the cellular and
molecular level, conducted in recent years, show that the principles
of tissue restructuring both Inthe simplest organisms and in the
more highly organized animals are approximately the same.

It has been established that for the most effecttive development
of increased resistance to any stimulus it is necessary to be
trained to this stimulus, and also forthe organism to be acclimated
to different meteorological factors.

The repeated action of a complex of stimuli leads to the develop-
ment of complex functional interrelationships, in which the entire
stimulus complex is combined into a single hole. The above mentioned
regularities of the resistance of the organism to environmental
factors emphasize the important significance of the "specificity"
principle in the development of this process. However, these data
in no way contradict the fact that increasing the resistance to
one stimulus may change the reaction of the organism to the effect
of another stimulus, as a result of which the resistance to the new
stimulus 1is either increased or decreased ("nonspecific" change in
resistance).

Research has shown that changes in cellular chemism during
the long-term action of different extreme factors are basically of a
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similar nature. Similar features in cellular adaptive reactions

are also noted if we compare animals on different levels of cylo-
genetic development. All this gives ground for assuming that cellular
adaptation 1s based on reactions formed in the process of the evolu-
tionary development of the animal world.

On the basis of the results of an analysis of our experimental
investigation and the data in the literature we already consider it
possible to recommend ,tolerable and optimal oxygen concentrations
with respect to short-term (3-5 days) and longeterm (up to 2 months)
stays in the artificial -atmosphere of airtight cabins. These
recommended gas medium parameters are shown in Fig. 33 and Table 52.

TABLE 52 /234

GAS MEDIUM FOR INHABITED PRESSURIZED SPACECRAFT
CABINS (mm Hg)

Short Flights Long Flights
(to 3-5 days) . (to 2 months)
Permissible Optimal Permissible Optimal
Pagrameter Values Values Values Values
Total pressure 307-760 380-405 307-760 380-405
Partial pressure 97-~-405 150-170 115-250 150-170
of oxygen

The indicated values will be made more precise In correspondence
with the accumulation of new experimental data 1in proportion to the
increased duration of flight.

For a final solution of the problem of the selection and forma-
tion of the most efficient gas medium for manned airtight chambers
it is necessary to use the broadest complex of physiological investi-
gations using different pressures and gas ccmpositions, and to
investlgate resistance to other extreme factors of flight after
different periods of stay in an artificlal atmosphere: acceleration,
vibrations, significant temperature and humidity fluctuation,and
so forth.

There is no doubt that persistant and systematic investigative
work on this most important medical and biological problem will
lead to the successful development of scientifically well-founded
principles for the formation of an optimum gas medium for airtight
cabins.
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, Scientific ideas born out of practical work and good theoretical . . \,
and technical outfitting of medical and biologival research create all.
" the possibilities for the successful solution of the practical
scientific problems of our time.
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