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I T IS REGRETTABLE that physiologists concerned 
with the limits of human tolerance to environmental 

stress cannot routinely, promptly, and specifically an- 
swer the questions of the engineers responsible for 
advanced flight programs; it is also understandable. 
All men are not created physiologically equal in their 
ability to tolerate various stresses. Moreover, actual 
knowledge of human tolerance to particular environ- 
mental factors ean be derived only from studies per- 
formed over the expected duration of flight. It  must 
also be eonsidered that many independently innocuous 
stresses may, when experienced together, interact to 
product harm71, 22 Thus, while a single advance in 
propulsion technology ean predictably advance the 
duration of vehicle flight, the eomplexity of man and 
our relative ignorance concerning his physiology means 
we cannot depend entirely upon extrapolation from 
acute experiments in determining human toleranee 
to interaeting stresses of long duration. Nevertheless, 
intelligent ,prediction is as necessary for the physiolo- 
gist as for the engineer, at least in determining profit- 
able directions for researeh. 

Faced with a ehronie shortage of vital physiologieal 
information and the eonsequent difllculty in predieting 
limits of tolerance, there has been a tendency for both 
physiologist and engineer to ignore the adaptability of 
the human organism. This tendeney has contributed 
heavily to delays in obtaining answers to a number of 
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key questions involved in choosing optimal gaseous en- 
vironments for various projected forms of dosed system 
existence. 

Advanced flight is now in the stage of orbiting the 
earth for one to several days, using the one-man cap- 
sules of the US and USSR space programs. Existing 
physiological information and technical skills should be 
adequate to assure the continued suceess of this effort. 
However, as the duration of manned flight increases 
from the single day of Project Mercury to the two weeks 
of Projects Gemini and Apollo, and then to the eventual 
flights involving many months of detachment from 
earUh, economy of mass and human tolerance to environ- 
mental stresses become more and more critically inter- 
related. Compromises will be required to make proper 
choice of eonditions and more than usual attention must 
be given now to. the design of studies aimed at making 
use of man's inherent adaptability to environmental 
extremesY 1 As in engineering, physiological research in- 
volves a lengthy lead time. 

This presentation will concern itself with the range 
of gas pressure gradients whioh earthbound man ex- 
periences in the normal exchange of gases with his en- 
vironment. On the basis of existing information, esti- 
mates will be made regarding possible environmental 
extremes and their application to closed system exist- 
ence. 

THE NATURAL EXTERNAL GASEOUS 
ENVIRONMENT OF MAN ON EARTH 

Man may intentionally vary the composition of his 
respired gas in diving or in aviation to minimize certain 
of the stresses of altered total gas pressure. While both 
diving and airborne flight can now be considered normal 
human pursuits, it is also pertinent to consider the 
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extremes of gaseous environment experienced by  earth- 
bound humans who neither fly nor dive, but  encounter 
these extremes as conditions in their natural habitat.  

Gaseous Composition of the Natural Atmosphere for 
Man on Earth:-Requiring precise regulation of intra- 
capsular gaseous environment may  be an unnecessary 
restriction in prolonged flight since the natural gaseous 
environment of man  on earth is constant only in its com- 
position. Table  I shows the well known percentages of Oe, 

TABLE I. P E R C E N T A G E  C O M P O S I T I O N  OF DRY 
A T M O S P H E R I C  A I R  

Gas Percent 
Nitrogen (N2) 78.096 
Oxygen (O2) 20.940 
Carbon Dioxide (COe) .030 
Other (A, Ne, He, Kr, Xe) .934 

CO% N2 and rare gases in earth's atmosphere. While 
the percentage composition of dry air is constant at all 
altitudes, pressure varies, as does the amount  of gaseous 
water  present. 

Table I I  shows [.he range of ambient  pressure at 

T A B L E  I I .  R A N G E  OF T O T A L  AND P A R T I A L  PRESSURES OF 
N O R M A L  GASEOUS E N V I R O N M E N T  ( I N S P I R E D  GAS) 

Total Ambient 
Pressure Pti,oo Pco'~ Poe Pr~e 

Altitude (mm. Hg)  (ram. Hg)  (ram. ]rig) (ram. ]rig) (mm. t tg )  
Sea Level 760 6 0.2 158 589 
18,000 ft. 400 6 0.1 83 308 

Range 360 ~ 0 75 281 

Paso varies with temperature and available water. An arbitrary 6 
ram. ]rig is employed in this example. 

which air is brea thed  by men living normal lives on 
earth; it varies from about  760 mm. Hg near sea level 
to as low as 400 mm. Hg at the highest altitude where 
permanent  human habitations have been established. 
Man lives at about  18,000 feet in both  the Andes and 
the Himalayan Mountains29 I t  is evident from the 
two tables that  the natural  gaseous environment of man 
on earth is not constant for all men, or even for one man 
from time to t ime in his travels over the eart~h's surface. 
Variations in total pressure result in gross alteration of 
the partial pressure of inspired nitrogen and oxygen. 
However,  because of its extremely low concentration 
in atmospheric air, the inspired carbon dioxide pressure 
to which man is naturally exposed is negligible at all 
altitudes. Water  vapor  pressure, dependent  upon both 
temperature  and the availabili ty of atmospheric water  
also varies, but  is not directly determined by  atmos- 
pheric pressure. 

The Range of Normal Environment:--Partly as a re- 
action against the tendency to consider only air breath- 
ing at sea level as providing a normal gaseous environ- 
ment  for man, attention will be  given here to the range 
of oxygen and nitrogen pressures which have proven 
capable of supporting human life on earth. This entire 
range of pressures should be considered carefully in 
Choosing the gaseous environments which will be  suit- 

able for truly prolonged human  existence beyond the 
earth's atmosphere.  Man has adapted  to these extremes 
and to the intermediate conditions. By considering the 
major physiological barriers and the aids to gas ex- 
change at the extremes of man's natural  environment,  
it is probable  that  a variety of external milieu can be 
devised which not only will adequately  meet  the needs 
of man, but  by making effective use o~ his physiological 
characteristics, will also present minimal demands upon 
engineering skill in designing a particular extra-at- 
mospheric vehicle or station for human  occupancy. 

BARRIERS AND AIDS TO GAS EXCHANGE AT 
EXTREMES OF EXTERNAL ENVIRONMENT 

Few of the cells of human vital organs .could survive 
prolonged, direct exposure to the gas pressures charac- 
terizing the normal  a tmosphere on earth. Carbon diox- 
ide pressure in atmospheric air is so low that  extreme 
intraeellular alkalosis would result, altering the con- 
ditions of cellular metabolic  processes. Enzyme systems 
in organs such as the brain and heart  would be  in- 
hibited by  even the normal 158 mm. H g  of oxygen par-  
tial pressure in air at sea level. 4, 12 Thus, while simple, 
poikilothermie, animal forms such as amoebae  can with- 
stand direct exposure to the partial pressures of gases 
in our ambient  atmosphere,  man and other warm blood- 
ed animals are protected from excessive cellular Po2 
by  a sequence of anatomo-physiologieal barriers. Be- 
cause of these barriers the oxygen and carbon dioxide 
environment of our internal cells differs grossly from 
the gas we inhale. The effects of these barriers upon gas 
exchange at sea level are illustrated elsewhere. 19 
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Fig. 1A and B. Gas exchange between atmosphere and alveoli, 
and alveoli and blood extremes of natural gaseous environment. 

A. Breathing air at sea level. The partial pressures of each of 
the major gaseous constituents of the normal external atmos- 
phere are shown as different from the tensions of the same 
gases in the pulmonary alveoli. In the gas exchange between 
alveoli and blood only Prz2o and PN2 fail to undergo substantial 
change. Even during air breathing at sea level, a prominent fall 
in Pc 2 occurs during the passage of blood through the tissue 
capillaries, resulting in a reduction of total gas tension below 
atmospheric pressure (Data from Barker, et al. 2 ). 

B. Breathing air at 14,900 feet altitude. The difference in 
total tension between alveolar gas and the mixed venous blood 
is small, since the fall in Po~ from alveoli to mixed venous blood 
is only a few mm. Hg larger than the rise in Pco 2 (Data from 
Hurtado, et a1.16). 
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The Pulmonary Barrier to Gas Exchange in the 
Natural Environment:-At sea level as at high altitude 
the composition of the alveolar gas during air breathing 
is established largely by a dynamic balance between 
the rate of metabolism (oxygen consumption and carbon 
dioxide production) and the rate of alveolar ventilation 
(pulmonary oxygen uptake and carbon dioxide elimina- 
tion)yO, 29 Water vapor pressure is a function of deep 
body temperature, and the levels of carbon dioxide and 
oxygen pressures are intimately related to their function 
in respiratory control. For these reasons, only nitrogen 
pressures can be considered as passively following 
changes in total ambient pressure. The inert gas nitro- 
gen, not being metabolically consumed, is in essential 
equilibrium with body fluids and, in individuals not 
given to deviation from sea level existence, remains at 
a nearly constant pressure from pre-natal existence 
through post-mortem decomposition. Of the four nor- 
mal respiratory gases, only oxygen must be supplied 
from the external atmosphere. 

Figure 1 indicates the usual relationships among the 
partial pressures of inspired and alveolar gases in rest- 
ing men breathing air at sea level (A) and in men ac- 
climatized to an altitude of 14,900 feet above sea level 
(B). The former values are derived from measurements 
upon residents of Philadelphia, 2 the latter are values 
obtained from the extensive data provided by the work 
of Hurtado, et al., 16 at Morococha, Peru. It is evident 
that at each of these two near-extremes of natural, earth- 
bound existence the metabolism-ventilation equilibrium 
attained by the normal respiratory regulatory mecha- 
nisms results in the establishment deep in the lungs 
of a portable gaseous environment (the alveolar gas 
mass) much different in composition and in partial 
pressures from the ambient atmosphere. This is the 
true gaseous environment to which man presents the 
pulmonary capillary blood as an interface for gas ex- 
change. 

Barriers to Exchange of Gases Between Alveoli and 
Arterial Blood:-As shown above, the partial pressures 
of respiratory gases change considerably between the 
external atmosphere and the alveoli. However, the 
partial pressures of gases in arterial blood normally 
approach very closely those of alveolar air. Figures 1A 
and 1B illustrate the results of this extremely efficient 
gas exchange at man's air-blood interface. In a single, 
well ventilated alveolus the blood flowing throngh the 
alveolar capillary should approach equilibrium with the 
oxygen and carbon dioxide tensions of the alveolar 
gas. Failure of the peripheral arterial blood to match 
within a fraction of a millimeter of mercury the oxygen 
pressure of the mean alveolar gas results from the 
passage of some blood through portions of the lungs in 
which effective exposure to alveolar gas does not oc- 
cur, 29 rather than from interference with diffusion across 
any alveolar membrane. This small inefflcieney of gas 
exchange between alveoli and blood, termed a "shunt," 
averages only about one to three per cent of the blood 
flow across the lungs 3 and normally accounts for a 
difference of only about 5-6 mm. Hg Po,,, between mean 
alveolar gas and the peripheral arterial blood. 2 

Barriers to Exchange of Gases Between Blood and 
Tissues:--There do exist signifleant barriers to gas ex- 
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change betweert arterial blood and the metabolizing 
tissue cell. Relatively few cells of the body, perhaps 
only those lining the pulmonary veins, the chambers of 
the left side of the heart, and the systemic arterial tree, 
are actually exposed to the gas pressures of the ar- 
terialized blood as it comes from the lungs. Loss of 
oxygen to the metabolizing tissues and the eoneurrent 
diffusion of metabolically produced carbon dioxide from 
the tissues into the flowing stream of capillary blood 
result in changing levels of Po2 and Pco2 as the blood 
passes through the tissue capillaries. As a result, the 
partial pressures of gases in the blood as it leaves a 
tissue by way of the veins are quite different from the 
gas pressures in the blood as it enters a tissue by way of 
the arteries. These partial pressure changes are largest 
for oxygen, considerable for carbon dioxide, very small 
for water vapor, and essentially nil for nitrogen. The 
change in gas pressure between arterial and venous 
blood varies considerably from one tissue, capillary or 
cell to another, the variation being due to differences in 
the rate of local metabolism and blood flow. 
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Fig. 2A and B. Gas exchange between blood and tissues at 
extremes of natural environment.  

A. Breathing air at sea level. The diagram shows the fall in 
Po 2 during the passage of blood through the tissue capil- 
lary, I, 15, 28 from the nearly 100 mm. Hg of arterial blood to the 
approximately 40 mm. Hg in mixed vermus blood. Mean capillary 
Po e represents the average Po 2 presented to the total body 
tissue (Data  from Barker, et al.2). 

B. Breathing air at 14,900 feet. The Po e of arterial blood 
entering the tissues is less than the mean capillary Po 2 estimated 
for air breathing at sea level. Nevertheless, the Po 2 of the mixed 
venous blood of these less well oxygenated, but  acclimatized in- 
dividuals is not grossly lower than the mixed venous blood Po 2 
of subjects at sea level (Data  from Hurtado, et a1.16). 

Aerospace Medicine �9 April 1963 293 



EXTREMES FOt~ GASEOUS ENVIRONMENT-LAMBERTSEN 

The relative magnitudes of changes in blood gas 
tensions across the total vascular bed  of the body are 
shown in Figure 2A for men at rest breathing air at sea 
level2, lu and Figure 2B for residents of Morococha, 
Peru. *~ The average tensions of water and nitrogen 
are seen to be similar for arterial, capillary and venous 
blood, and also are representative of the cellular ten- 
sions of these gases. Unfortunately it is not feasible to 
determine experimentally the average tension of either 
oxygen or carbon dioxide in the metabolizing cells and 
tissues of vital organs. It  is possible to approximate the 
mean tensions of oxygen and carbon dioxide in the 
blood of the tissue capillaries by an integration pro- 
eedure3, ~.~'~, ~a The values given for capillary blood in 
Figure 2 represent the averages of individual gas tensions 
existing at the interface between man's tissues and their 
own local environment in ~he two situations selected to 
represent the normal extremes for continued life on 
earth. 

SUBSTITUTION OF OXYGEN FOR AIR 

Pulmonary Oxygen Toxic i ty : -Whf le  the engineering 
advantages of a system utilizing a single gas have been 
evident from the beginning of manned space flight, the 
specter of pulmonary oxygen toxicity demonstrated in 
men breathing high concentrations of oxygen at sea 
level 4, ~, 7 focused attention on She use of O.2-inert gas 
mixtures and even delayed the experimental exposure 
of men to pure oxygen for many days at low ambient 
pressures. Rather than stressing the occurrence of pul- 
monary irritation during oxygen breathing at sea level, 
it should be re-emphasized that this chemical effect is 
related to the partial pressure of oxygen, ra~her than 
to the absence of inert gas; no pulmonary irritation was 
demonstrated during 24 hours of pure oxygen breathing 
at an altitude equivalent to 17,000 feet in an early, 
well controlled study of pulmonary tolerance to pure 
oxygen in man. 7 In view of the clear relation to Po~ 
it is almost inconceivable that chemical, pulmonary 
oxygen toxicity could be produced at ambient pressures 
no greater than 158 ram. Hg, even during long periods 
of breathing pure oxygen, since at this inspired oxygen 
pressure She alveolar oxygen pressure is less than the 
normal level during air breathing at sea level, el The 
fact that chemical oxygen toxicity does not occur during 
pure oxygen breathing at low inspired Po2 appears now 
to have been substantiated by important, recent ex- 
periments in man./~ ,a. ,4, ea Previously it had been 
demonstrated that rats and mice can tolerate ex- 
posures to pure oxygen at reduced pressures for periods 
of seven days to many weeks2 5 It remains of great ina- 
portanee to determine the maximum level of Po2 which 
will not produce pulmonary oxygen toxicity in man dur- 
ing exposures of extreme duration. 

Physical Factors .in Oxygen Brea th ing: -Even  if the 
chemical form of puhnonary oxygen toxicity can be 
completely prevented by simple redn'etion of inspired 
Pc2, physical problems associated with pure oxygen 
breathing may remain. Such problems, related to al- 
teration of the total gas tension gradient from ambient 
atmosphere to tissue capillary, may limit the ultimate 
utility of oxygen as the sole inspired gas. To illustrate 

these potential forms of physical intolerance to oxygen, 
two examples will be used (Figure 3A and 3B).  One, 
Figure 3A, describes alterations of total gas tension 

A BREATHING OXYGEN K(  ?6Omml~ l  AMBIENT PRESSURE 

Ext~nal Atmosphere 

~o~h lo [m  
~ Obs~ch~  

Po, : ~o  z ~ 645.Pot 
P.en: 47  I I 47  = pI.IL~ 

B. 13R(ArH ln t l  OXYGEN AT 18Tmm~ AMBIENT.  P~ES'SURE 

E,l*r~J ~mQ~p~re 

% =  ml 
m 

BrOnehiolar 
~ Obstructi~ 

P:~o*  47  s i 47 :  p 

Fig. 3A and B. Problems of gas exchange during prolonged 
oxygen breathing at sea level and at low ambient pressure. 

A. Bronchiolar obstruction at one atmosphere. The figure il- 
lustrates a bronchiolar obstruction. In the absence of inert gas, 
oxygen occupies the greatest proportion of the alveolar space. 
Since total gas tension in the mixed venous blood is more than 
600 mm. Hg lower than in the alveolus, a large alveolar-pul- 
monary capillary gradient for oxygen exists (see text). 

B. Bronchiolar obstruction at reduced inspired Po~. Lowering 
of inspired P% to 187 ram. Hg or less should result in an alveolar 
Pc 2 of about 100 mm. Hg, preventing development of the chemi- 
cal form of oxygen toxicity. At the lower arterial P%, hemoglobin 
limits the fall in P% of blood passing through tissues. The P% 
gradient from alveoli to mixed venous blood is smaller than when 
oxygen is breathed at sea level, as is the difference between total 
gas pressure in alveolar gas and mixed venous blood (see text). 

sucLh as occur in the lungs during oxygen breathing at 
one atmosphere, even though it is clearly not to be ex- 
pected that men will breathe oxygen at 760 mm. Hg for 
missions of many days. In the second situation, Figure 
8]3, oxygen breathing at 187 ram. Hg ambient pressure, 
a normal alveolar P•2o of 47 ram. H g  and Peo2 of 
40 ram. Hg will result in an alveolar Pc2 of 100 ram. Hg; 
this is approximately the alveolar Pc2 associated with air 
breathing at sea level. 

Oxygen Breathing at One Atmosphere:--During pro- 
longed oxygen breathing, the elimination of gaseous 
nitrogen from the body leaves only water, carbon diox- 
ide and oxygen to exert gas pressure in the lungs and 
body fluids. Figure 3A shows that, at an ambient pres- 
sure equal to that at sea level, the 760 ram. Hg  tension 
of dry, inspired oxygen results in a very high alveolar 
Pc2, approximately 675 mm. Hg. The sum of the partial 
pressures of oxygen, water vapor and carbon dioxide in 
the alveoli is essentially the same as the total pressure 
of the gas surrounding the body. However,  from the 
alveoli onward in the gas exchange, total gas pressure 
falls; the decrease being brought  about by  several differ- 
ent mechanisms, as follows: 

(a)  In the lung capillaries, the blood of normal 
human subjects comes into nearly perfect  equilibrium 
with the oxygen pressure in the alveoli. However,  a 
small degree of "shunting" of poorly oxygenated, mixed 
venous blood across the lungs without exposure to 
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alveolar gas normally occurs. ~, 19, 29 The mixing of this 
shunted fraction of venous blood with the oxygenated 
blood from ~he pulmonary capillaries, results in a per- 
ipheral arterial Mood Po2 which is approximately 30 
mm. Hg lower than the 675 mm. Hg in the alveolar gas. 8 

(b)  The second basis for a fall in total gas pressure 
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i . ,  i i i i 

,oo ~oo ~oo ,~oo 56o 66o ~;o " 

OXYGEN TENSION (rnrn Hg) 

Fig. 4. Uptake and release of oxygen by blood during air 
breathing and oxygen breathing at sea level. 

The diagram indicates the oxygenation of arterial and mixed 
venous blood in the transition from air to oxygen breathing at 
sea level. When hemoglobin is saturated, a further rise in oxygen 
tension causes an increase in oxygen content only by increasing 
the oxygen in physical solution in the water of blood. Utilization 
of this additional oxygen by the tissues results in a large fall in 
oxygen tension. Mixed venous oxygen tension during oxygen 
breathing at sea level is thus only slightly higher than when air 
is breathed (after Lambertsen, C. j.19 (Fig. 228). 

is illustrated in Figure 4 which diagrams characteristics 
of oxygen uptake and release by  blood. ~he  figure 
shows that above approximately 100 ram. Hg an in- 
crease in blood Po2 adds oxygen primarily in physical 
solution; the amounts added per ram. Hg inca'ease in 
Po2 are small compared with the amonnt of oxygen 
taken up by chemical combination of oxygen with hemo- 
globin between 0 and 100 ram. Hg. As blood with a 
total gas pressure of about 730 ram. Hg enters tJae 
tissue capillaries and into gas exchange with the metab- 
olizing tissues, carbon dioxide is added and oxygen re- 
moved in amounts determined by the metabolism and 
blood flow of the tissue. A great fall in the Po2 of blood 
in the tissue capillary results; efficient buffers in blood 
prevent more than a small rise in Pco2; water vapor 
pressure is increased an insignificant amount by  a mi- 
nute warming of blood in the tissue capillaries. As a 
result the sum of the oxygen, carbon dioxide and water 
vapor pressures in the venous blood of an actively 
metabolizing organ such as ~he brain during oxygen 
breathing at sea level is only about 145 ram. Hg. 2a The 
average total gas pressure of the capillary blood 
throughout the body should be about 160 ram. Hg, close 
to 600 ram. Hg lower than the ambient and alveolar 
total gas pressure of 760 ram. Hg. This is the state of 
the blood flowing back to the alveoli from the tissues. 

(c)  From its already low value in capillary blood, 
total gas pressure falls to its minimal value at the cellu- 
lar level. Most of this final fall, as in (a)  and (b ) ,  
is due to a drop in oxygen partial pressure, here related 
largely to the rate of tissue oxygen metabolism, the 
distance over which diffusion of oxygen must occur 
from ~he capillary to the cell, and the diffusion coef- 
ficient of the tissue through which oxygen must pass. a* 
The fall in Po2 outside the capillary is certainly not uni- 
form in all regions of an organ or even within a single 
cell.2a, a4 

Possible Effects on Gas-Containing Body Spaces:-  
The low venous and tissue total gas pressures resulting 
from absence of inert gas in a closed life support system 
should cause no difficulties unless certain gas-contain- 
ing spaces of the body such as the middle ear cavities, 
the paranasal sinuses and the pulmonary alveoli lose 
their normal, free connection with the ambient atmos- 
phere. If this occurs the partial pressure gradients and 
the low total gas pressure of the venous blood and 
tissue fluids should result in absorption of the gases 
trapped in these body chambers. Since the hydro- 
static pressure of the tissue fluids is determined largely 
by the pressure of the atmosphere upon the body sur- 
face, the absorption of gas from blocked cavities not 
freely collapsible, such as sinuses or the middle ear, 
will reduce the total intracavity gas pressure below 
the hydrostatic pressure of the blood and the tissues. 
This pressure difference can cause painful distortion 
of adjacent tissue structures, exudation of fluid into 
the cavity, and even rupture of small blood vessels 
lining the gas space. While uncommon, these phe- 
nomonena have been observed during or following 
oxygen breathing at sea level, in diving, and in flight. 
They have important bearing upon comfort, perform- 
ance, communication, and susceptibility to infection 
of the sinuses and middle ear. 

An additional possibility of physical alteration during 
prolonged oxygen breathing is now receiving deserved 
attention. In the absence of inert gas a diffuse pul- 
monary atelectasis may occur due to complete absorp- 
tion of oxygen, carbon dioxide and water vapor from 
alveoli. During air breathing at sea level or at high 
a l t i tude  the random obstruction of bronchioles by nor- 
real secretions probably occurs frequently. However,  
this should be transient and easily overcome by breath- 
ing or coughing. The presence of nitrogen in air is a 
considerable asset in preventing the progression of this 
process since the inert gas in the alveolar spaces beyond 
the obstruction is essentially in equilibrium with the 
inert gas of mixed venous blood. Nitrogen is only 
slowly absorbed from the alveolus and tends to hold 
with it the alveolar oxygen, carbon dioxide and water 
vapor. Time is thus available for the eventual relief of 
the obstruction and re-establishment of ventilation of 
the alveolus. 

When pnre oxygen is breathed at sea level, even for 
periods too short for development of chemical pul- 
monary toxicity, the occurrence of diffuse atelectasis 
should be much more rapid than when inert gas-oxygen 
mixtures are breathed. The high gradient of oxygen 
tension from the alveolus (Po2 about 675 ram. Hg)  to 
the flowing mixed venous blood results in ready ab- 
sorption of oxygen and with it the associated carbon 
dioxide and water. In studies on isolated lungs the rate 
of collapse of obstructed lungs containing oxygen wivh- 
out inert gas is much greater than that of lungs ob- 
structed following ventilation with air? ~ This being 
the ease, the questions most pertinent to the prolonged 
use of pure oxygen by  man relate to the developnaent 
of diffuse atelectasis during spontaneous normal breath- 
ing and to ~he ease of reversing any alveolar atelectasis 
which may, in fact, occur. Should obstruction of bron- 
ehioles prove to be not readily reversible in normal in- 
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dividuals breathing pure oxygen at one atmosphere, a 
progressive atelectasis would be induced by effects 
of chemical oxygen toxicity and also by the com- 
plicating physical consequences of a low total gas 
pressure in mixed venous blood. Should irreversible, 
diffuse atelectasis occur, l~he end result would be arterial 
anoxemia due to excessive shunting of blood across the 
lungs via those pulmonary capillaries supplying col- 
lapsed alveoli. 

Oxygen Breathing at Reduced Pressure:-It  is quite 
possible that the physical problems concerned with 
absorption of gases from sinuses, middle ear and alveoli 
will .differ at low and high ambient pressures. At low 
pressures and in the absence of irritative factors leading 
to bronchospasm or hypersecretion, the physical basis 
for atelectasis may be grossly altered in importance. As 
stated above, this condition could be satisfied while 
breathing pure oxygen at ambient pressures no greater 
than 187 ram. Hg. 21' 2s For this reason, one of the most 
critical experiments concerned with selection of the 
gaseous atmosphere for prolonged, closed-system exist- 
ence is that involving extended exposure of many nor- 
mal men to pure oxygen at 187 ram. Hg ambient pres- 
sure (about 34,000 feet altitude equivalent) or less to 
determine whether lack of inert gas in the breathing 
medium results in ~he physical problems described and, 
if they occur, to further determine the factors which 
either exaggerate or aid in their reversal. 

Figure 3B illustrates a prediction of the gas exchange 
in normal men breathing ,humidified oxygen at 187 ram. 
Hg ambient pressure. Insofar as inert gas is absent in 
alveoli and body fluids, the situation resembles t'hat of 
pure oxygen breathing at 760 ram. Hg. However, be- 
cause of the level of reduced ambient pressure selected, 
alveolar Po2 is now only 100 ram. Hg, and the alveolus 
contains less than one fifth the mass of oxygen it con- 
tains during the breathing of oxygen at one atmosphere. 
Due to the previously mentioned, small, transpulmonary 
shunting of blood, total gas pressure in the arterial 
blood, approximately 182 ram. Hg, is a few ram. Hg less 
than the total ambient pressure. In the present example 
most of the oxygen released by the blood to the tissues 
is derived from the relatively large amounts of oxygen 
combined with hemoglobin, with little oxygen being 
provided from that in physical solution. Hence a rela- 
tively small drop in Po2 (and therefore in total gas 
pressure of blood) occurs in the transit of blood from 
the arterial to the venous end of a tissue capillary. In 
the particular situation illustrated by Figure 3B the 
predicted value for total gas pressure in venous blood 
is dose to 135 ram. Hg, or only about 50 ram. Hg lower 
Uhan the pressure of the ambient atmosphere and alveo- 
lar gas. The smaller number of molecules of oxygen 
contained in an alveolus at reduced pressure should 
tend to shorten the time required for complete collapse 
of an alveolus even with a smaller Po2 gradient from 
alveolus to pulmonary capillary. 8~ An additional con- 
sideration, with even greater bearing upon tolerance 
to pure oxygen, is the influence of total ambient pres- 
sure upon the reopening of collapsed alveoli. The gas 
pressure within a completely closed alveolus can be 
considered to be, not zero, but a gas pressure potentially 
equal to the sum of the partial pressures of the gases 

in the adjacent fluids. Thus in oxygen breathing at 
760 ram. Hg and at 187 ram. Hg the "potential" gas 
pressures within collapsed alveoli are 145 and 135 ram. 
Hg, respectively (see Figure 3A and B). The collapsed 
and blocked alveolus, held closed in part by forces of 
surface tension, is also prevented from opening by the 
differen~ce in absolute pressure between the ambient 
total gas pressure transmitted to the alveolus via body 
fluids and the "potential" gas pressure of these body 
fluids. At the low ambient pressure selected this ab- 
solute pressure difference is still a considerable 50 ram. 
Hg, but it is less than one tenth of the approximately 600 
ram. Hg total pressure difference expected during oxy- 
gen breathing at sea level. It may not be too great to be 
overcome temporarily by the muscular effort of in- 
,halation; negative intrathoracic pressures of such mag- 
nitude may be expected to acompany the inspiratory 
phase of coughing. 31 

There also exists serious uncertainty regarding the be- 
havior of the bronchopulmonary system when altered by 
development of bacterial or viral infectionY Experi- 
mentation under such conditions will be required to 
determine the ultimate tolerance of man to the breathing 
of pure oxygen. 

It must continue to be asked, "Will incapacitating 
alveolar atelectasis or sinus and otic barotrauma occur 
and be sustained during pure oxygen breathing when 
ambient p~essure is low?" and, if alveolar collapse d.oes 
occur, "Will simple measures such as occasional deep 
inspiration prevent or even overcome any physical ate- 
lectasis brought about through absence of inert gas 
in the respired medium?" Until recently ~he occurrence 
of such alveolar atelectasis at any ambient pressure had 
been only postulated. It is now known that atelectasis, 
reversible on return to air breathing, is induced in nor- 
mal man by the combination of pure oxygen breathing 
and acceleration. 24 To determine whether such atelectasis 
will progress or be reversed when oxygen breathing is 
continued without interruption at reduced ambient 
pressure after acceleration requires studies in man such 
as are now in progress. TM 14, '~6, z2 The possible advan- 
tages of extreme reduction of ambient pressure as a 
means of avoiding the necessity for inert gas as a com- 
ponent of his breathing medium in normal man and in 
the presence of infection can also be evaluated only by 
experimentation in man himself. 

EXTREME REDUCTION OF 
AMBIENT PRESSURES 

The intent of this presentation has been to em- 
phasize not only extreme alteration of gaseous com- 
position, but limits of tolerance to reduction of ambient 
pressure. A close estimate of the minimal intra-station 
pressure which can be tolerated by humans can be 
derived by re-examining the physiological data obtained 
upon residents of Moroeoeha 16 (Figure 1B). These in- 
dividuals, chronically acclimatized to air at a pressure 
averaging 446 ram. Hg, have an inspired Po2 of about 
94 ram. Hg. Under these "normal," but extreme, earth- 
bound conditions tile acclimatized residents were shown 
to have arterial Po~ and Pco2 levels averaging 45 and 
35 ram. Hg, respectively. 16 An atmosphere of pure 
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oxygen at a pressure of 127 mm. Hg should provide 
arterial Po2 and Pco2 values comparable to those meas- 
ured in these people during air breathing at their 
natural altitude. Thus, 127 mm. Hg, equivalent to an 
altitude of about 42,000 feet, could be considered the 
near minimum intra-capsular pressure for man, even 
with prolonged periods of acclimatization and tlhe use 
of pure oxygen. 

Problems Associated with Low Total Gas Pressure:- 
Use of minimal ambient pressures, either with oxygen 
breathing or with mixtures containing an inert gas, re- 
quires that attention be given to factors Such as "bends," 
duration of consciousness on damage to the compart- 
ment or controls, tolerance to acceleration, and need 
for acclimatization to tow inspired Po2. With adequate 
removal of inert gas from the tissues prior to or during 
initial decompression, "bends" should not interfere with 
attaining minimal pressures .compatible with adequate 
oxygenation. However, to function effectively at the 
minimal ambient pressure cited, man would require ac- 
climatization to low inspired Po2, again either prior to 
or in the course of intra-station residence. While such 
measures may be unnecessary for flights of only a few 
weeks duration, the eventual extension of manned space 
flight to many months may require means whereby man 
can be temporarily altered to aid in accomplishing the 
mission. 2~ 

METHODS OF ACCLIMATIZATION 

Prolonged Exposure to Low Inspired Po2:-It  is usual- 
ly considered that full acclimatization to low ambient 
Po2 can be accomplished only by prolonged sojourn in 
an atmosphere low in oxygen pressure, as by residence at 
high altitude26 However, many of the physiological 
changes responsible for acclimatization can result from 
exposure to reduced pressure in an altitude chamber. 
The latter form of induced acclimatization was experi- 
mentally accomplished by Houston and Riley. In an 
e~haustive study four subjects were exposed to gradual- 
ly decreasing air pressure in a decompression chamber 
reaching the altitude of twenty thousand feet in about 
three weeks where the subjects remained for an addi- 
tional ten days. 15 The data of this study should be of 
considerable value in predicting physiological trends 
during pre-fliNht or intra-station acclimatization. 

Acute Acclimatization:-It  now also appears possible 
to bring about the immediate acclimatization of normal 
men to certain effects o,f low inspired Po2. This has been 
carried out both during administration of gas mixtures 
low in oxygen concentration 20 and during oxygen in- 
halation at 39,000 feet simulated altitude (147 ram. 
Hg) 2s without pressure breathing. On the basis that 
acclimatization involves not only primary responses to 
diminished oxygen tension but secondary alterations in 
acid-base balance, 30 per cent carbon dioxide has been 
added to the inspired oxygen at low ambient pressure 
to prevent the hypocapnia normally associated with ar- 
terial anoxemia and thus the respiratory alkalosis which 
often prominently contributes to the symptoms of 
mountain sickness. By preventing hypocapneic cerebral 
vasoconstriction, brain oxygenation was maintained at 
a higher level than existed without the addition of car- 

bon dioxide to the inspired gas. s~ 2s Together with 
previous indications that tolerance to high altitude is 
improved when carbon dioxide is added to the oxygen 
inspired,ll, is such studies of acute "aeelimatization" to 
anoxia emphasize the desirability of additional studies 
aimed at eliminating the need for a prolonged period of 
adjustment to low inspired Po2. By such means it may 
become possible to increase the rate at which man can 
reach the lower limit of tolerable ambient pressure. 

UTILIZATION OF GASEOUS WASTES 
OF METABOLISM 

It appears from examples such as the foregoing that 
metabolically produced carbon dioxide, normally con- 
sidered only a troublesome waste product, may be useful 
in improving the habitability of or in solving certain 
engineering problems of manned, extra-atmospherie ve- 
hielesY ~ The uses of carbon dioxide, in addition to fur- 
ther lowering the limit of physiologically tolerable com- 
partment gas pressure during air or oxygen breathing, 
could include: cycling of Peo2 levels for purposes of 
periodic central nervous system arousal, 21, 22 maintain- 
ing high percentages of carbon dioxide to slow eom- 
bustion rates in order to reduce the efficiency required 
by earbon dioxide removal systems, and accelerating of 
oxygen generation in photosynthetic systems. Although 
in some areas of a capsule carbon dioxide eould be con- 
sidered useful as an inert gas, in the human body its 
relation to acid-base balance and respiratory control 
obviates utilizing the molecular features of this gas. 

Other gaseous wastes of metabolism, including car- 
bon monoxide, hydrogen sulfide, ammonia, hydrogen, 
and methane, are less adaptable to useful purposes in 
closed systems than are earbon dioxide and water vapor. 
CO, H2S, and NHa are physiologieally reactive and 
toxic in low concentrations. While both hydrogen and 
methane are inflammable, neither reacts ehem}eally with 
body fluids and, if it should become necessary to employ 
an inert gas in the breathing medium for flights of 
more than a few months duration, the use of one of 
these wastes at a controlled, low non-explosive con- 
centration may have to be considered. The possible ad- 
vantages of the inert gases of our natural atmosphere 
are also under consideration. 

CYCLIC ALTERNATION OF GASEOUS 
ENVIRONMENTS 

Along with pulmonary intolerance to oxygen, one of 
the prominent difficulties that will be encountered in 
the closed system existence of prolonged flight or space 
station residence is loss of valuable gas by leakage. Here 
the interests of physiology and engineering blend com- 
pletely and the concept of "extremes of gaseous en- 
vironment" takes on broader meaning. If an inert gas is 
necessary to prevent pulmonary pathology and sustain 
life, the progressive loss of a non-regeneratable inert 
gas from a closed system may be the limiting factor in 
manned space flight. Without the inert gas, systemic 
anoxia due to pulmonary changes may terminate flight 
even in the presence of high, intracapsular Po2 and 
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abundant  oxygen stores. I t  is in this area that gains may  
be a.ecomplished by  planned and purposeful, but  pos- 
sibly irregular, alternation from one extreme of gaseous 
environment to another. 

Controlled fluctuation of carbon dioxide tension has 
been mentioned. However,  changing the oxygen and 
any inert gas composition of a spaeecraft  may  offer 
more generally useful physiologieal gains for several 
important  reasons. Both the chemical form of oxygen 
toxicity and the physical  collapse of alveoli have finite 
latent periods; each also has a finite recovery rate on 
resumption of exposure to an atmosphere containing 
an inert gas and having a low or normal oxygen tension. 
When sufficient information has been obtained regard- 
ing these latent periods and recovery rates, alternation 
of oxygen with inert gas-oxygen mixtures should reduce 
the loss o~ inert gas while most  effectively utilizing its 
desirable physical and physiological properties. Studies 
should be  made  to determine the best sequence for 
cycling gaseous composition and pressure to (a )  prevent  
bends in the event of explosive decompression on take- 
off (pre-flight oxygen brea th ing) ,  (b )  prevent  pul- 
monary atelectasis on take-off or re-entry (br ief  period 
on inert gas-oxygen mixture) ,  (c)  minimize inert gas 
loss and prevent bends on explosive decompression in 
flight (maximum period on extreme upper  limit of oxy- 
gen concentration),  (d )  prevent  or reverse pulmonary 
ateleetasis or even chemical oxygen toxicity (recovery 
during minimal period of exposure to inert gas-oxygen 
mixture at low ambient  pressure) .  The  advantages of 
alternating oxygen and an inert gas-oxygen mixture 
to prevent oxygen toxicity and bends in animals during 
exposure to increased ambient  pressures have been 
described.it. ,o7 

S U M M A R Y  

When an engineer asks a physiologist "What  is the 
gaseous environment required by  man?", clearly the 
answer will depend upon the expected duration of 
exposure to the environment and man's tolerance to 
ehe stresses involved. Even on earth man lives and 
functions in natural  environments varying widely in 
pressure, temperature,  humidity,  PN2 and Poe. Certain 
extremes are tolerated only by virtue of specific physio- 
logical adjustments which can be  considered normal for 
the particular environment. Thus, there is a broad 
range of natural  environments to which man has been  
able to adapt. In addition, man is extending his areas 
of operation by  use of artificial atmospheres which sup- 
port  his existence in aviation and early spaceflight, in 
direct exposure to the pressure of 1000 feet o~ sea water  
and in prolonged periods of residence under the sea. as 

Where  it is desirable, f rom an engineering stand- 
point, advantage should be taken of the intrinsic 
adaptabil i ty of man which permits him to experience 
gross alterations of his external environment while sus- 
taining an internal environment  adequate  for the effec- 
tive functioning of his cells. As interest in extending the 
duration of extra-atmospheric existence increases, at- 
tention will have to be  given not only to the extremes 
of total pressure, to the partial  pressure and percentage 
of oxygen, and to the physiological problems associated 

with absence of an inert gas in respired mixtures, but  
also to further limits made tolerable as a result of slow 
or rapid alteration of man  and to the consequent desir- 
ability of utilizing these different environmental  ex- 
tremes in purposeful  sequence. 

The potential  interactions of physiological factors in 
attaining these extremes are beyond simple deduction; 
much new knowledge will have to be  obtained. 
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