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1.0 OVERVIEW - RELATIONS OF CARBON DIOXIDE TO ATMOSPHERIC HYPOXIA
AND HYPEROXIA

Oxygen will always be the most critical life substance for human consciousness, mental
capability, physical activity, and many physiologic support functions in space and underwater
operations. Carbon dioxide is the critical agent linking respiration to the needs of oxidative
metabolism. This continuing dual program has involved investigation of excessive oxygen pressure,
and inadequate oxygen pressures.

Breathing high partial pressures of oxygen (hyperoxia), as for diving or therapy of aerospace
decompression sickness, generates toxic effects upon organs and tissues. One component of the
present oxygen research program has therefore been the measurement of rates of development of, and
recovery from, toxic effects of oxygen upon specific functions of blood, lung, brain, visual systems,
auditory and vestibular system, respiratory control, and cardiovascular system. These quantitative
measurements in normal human subjects guide the use of oxygen in hyperoxic therapy, and determine
its usefulness in new diving methods which allow prolonged underwater work by astronauts, using
neutral buoyancy for training in the simulated weightless state. Since optimal use of oxygen is the
key to effectiveness and safety in diving and decompression, determining the limits of human oxygen
tolerance establishes the limits for improvement in safety across the full range of its usefulness
(19,23,25).

In conditions of accidental or intentional exposure to lower than normal pressure of oxygen
(hypoxia), the lowered oxygen supply to brain can result in partial or complete losses of mental and
physical capability. The second major component of the dual oxygen research program is therefore
the measurement of human tolerance to increasing degrees of sudden (acute) hypoxic stress.
Measurements are made of effects on respiratory functions, arterial blood gases, physical exercise
capability, and control of brain circulation, to the limits of consciousness. For both hyperoxia and
hypoxia programs, measurements include calibrated on-line monitoring of blood flow rate through a
major brain blood vessel, to allow calculation of changes in the brain oxygen flow and partial
pressures.

The purposes of these two interlocking programs, involving toxic effects of excess oxygen
pressure on the one extreme, and organ system failures in oxygen deficiency on the other, are to
obtain the baselines for investigating the roles of carbon dioxide in modifying these different effects,
at rest and at work, over the full range of useful or tolerable oxygen pressures.

The results accumulated over a many-year period have explained why exposures to an
increase in atmospheric carbon dioxide can accelerate development of the convulsions produced by
brain oxygen poisoning. The accelerated toxicity is due to the increase in brain blood (oxygen) flow
produced by carbon dioxide dilation of brain blood vessels.

In hypoxia, carbon dioxide can also increase brain blood flow and oxygenation, by dilating

brain blood vessels. This increased blood (oxygen) flow provides an acute, beneficial adaptation to
otherwise intolerable degrees of hypoxia. The present stage of the hypoxia program concerns the

{4/95:nasa%4,5:c0202fin.rpt} 1
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effectiveness of carbon dioxide-induced acute physiologic adaptations to hypoxia in maintenance of

critical mental and psychomotor capabilities.
2.0 INTRODUCTION

The accomplishments described in this report are part of a continuing broad Program
of the Institute for Environmental Medicine, concerned with potential advantageous and
detrimental influences of deviations from natural respiratory environments. The overall
NASA-related Program emphasizes human physical, physiological and mental activity in two
extremes of physiologically related environmental oxygen stress (Fig. I-1).

One component, performed under other (USN) support, relates to interacting effects of
carbon dioxide and hyperoxia in Underwater and Hyperbaric O, Therapy activities.

The component under this NASA Project relates to interacting effects of carbon
dioxide and hypoxia (pertinent to aerospace adaptations in short and long duration operational
and emergency atmospheres) (22).

The research therefore encompasses the extremes of tolerance to high and low oxygen
partial pressures, in order to expand understanding of the basic physiological mechanisms
affected by each (Fig. I-1). Biomedical implications in each component of the Program
(hypoxia and hyperoxia) concern interrelations of respiratory control systems with arterial
oxygenation, brain circulation, brain oxygenation and cognitive/psychomotor performance, and
physical performance.

In hyperoxic exposures, an increase in arterial carbon dioxide pressure (hypercapnia)
can accelerate, or a decrease (hypocapnia) can delay onset of the convulsions and
unconsciousness of oxygen poisoning (25). In hypoxic exposures, an increase in arterial
carbon dioxide pressure can sustain brain oxygenation and mental performance, or a decrease
(hypocapnia) can induce hypoxic unconsciousness due to decreased brain blood (oxygen) flow
and exaggerated fall in brain PO, (10,16,30).

The two different states of oxygenation and patterns of effect on central nervous
system functions are linked physiologically by the fundamental influences of carbon dioxide
(i.e., hydrogen ion activity) on neural sensors of respiratory control and on the smooth muscle
cells of brain arterioles. Between the pathophysiologic effects of oxygen poisoning and the
metabolic disruptions of hypoxia (40) the graded benign physiological influences of low and
high oxygen pressures exist during important extremes of human activity environmental
exposures.

Acute interactions of carbon dioxide with hypoxia and hyperoxia have been studied in
resting states (2,27,29,30,36). They have not been well enough defined for either hypoxia or
hyperoxia over the range of useful exercise tolerance, in which oxygen demand and carbon
dioxide production are increased. However, the parallel investigations of graded hypoxia and
hyperoxic environments within the present Program are providing quantitative predictive

{4/95:nasa%4,5:co202fin.rpt} 2
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descriptions of the physiological linkages relating to alterations of the internal respiratory
environments, produced in adaptations to change in external atmospheres. The returns to each
Program component are magnified by the other.

3.0 OBJECTIVES OF PROJECT - HYPOXIA-CO, INTERACTIONS

The Scope of Information desired included (a) physiological and performance
consequences of exposures to simulated microgravity, in rest and graded physical activity, (b)
separate influences of graded degrees of atmospheric hypercapnia and hypoxia, and (c)
composite effects of hypoxia and hypercapnia.

The research Objectives were selected for close relevance to existing quantitative
information concerning interactions of hypercapnia and hypoxia on respiratory and brain
circulatory control. They include:

o To determine influences of normoxic immersion on interrelations of pulmonary
ventilation, arterial PCO, and PO,, and brain blood flow, in rest and physical work.

o To determine influence of normoxic immersion on respiratory reactivity to
atmospheric hypercapnia at rest.

o To determine influence of atmospheric hypoxia on respiratory reactivity to
hypercapnia at rest and in work.

o To provide physiological baselines of data concerning adaptations in acute
exposures, to aid in investigation of rates of adaptation or deteriorations in physiological or
performance capability during subsequent multi-day exposures.

40 PHYSIOLOGICAL BACKGROUND OF CO,-HYPOXIA INTERACTIONS IN
REST AND WORK (Relations to Acute and Sustained Adaptations)

The continuous linkage between the internal respiratory environment of metabolizing
brain tissues and the external respiratory environments is precisely quantitative (in open or
closed atmosphere systems). This linkage is largely by way of active influences of carbon
dioxide and oxygen levels upon localized neural cells of respiratory control and smooth
muscle cells of local vascular control.

Normally the authoritative role in regulating both the oxygenation and the level of
tissue hydrogen ion activity, essential for the biological burning represented by our
metabolism, belongs to carbon dioxide through its multiple effects. Oxygenation in the
normal sea level environment follows adequately, but essentially passively, the events dictated
by CO, (18). The fine adjustment of natural pulmonary function and respiration at rest (and
evidently in physical work) are regulated by neural responses to local internal acid-base states.
This function is not so much to efficiently eliminate metabolically produced carbon dioxide as

{4/95:nasa%4,5:c0202fin.rpt} 3
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to do so with an inefficiency designed to assure maintenance of the essential elevated degree
of carbon dioxide pressure in the internal environment (18).

In acute atmospheric hypoxia, the power of peripheral chemoreflex stimulation of
respiratory central neural mechanisms lowers arterial carbon dioxide pressure, detracting in
part from the cited peripheral chemoreflex respiratory drive (15,41,42,44,46). The
quantitative interplay of these CO,/O,- related effects modifies the degree of hypoxia within
the entire internal respiratory environment and the cell functions it supports.

4.1 Relations to Previous Work: CO,-Hypoxia Interactions in Brain Blood
Flow Control

The powerful importance of carbon dioxide in internal environmental control for the
brain is via its influence upon the tone of brain arterial vessels (23,30,36,39). In an acute
exposure to a hypoxic atmosphere, accidental or intentional, the resulting reduction in oxygen
supply to the brain can produce impairment of mental and physical function, or loss of
consciousness. The degree of functional impairment is only in part related to the degree of
arterial hypoxemia. It is acutely also related to the degree of arterial hypocapnia resulting
from the chemoreflex ventilatory stimulation which occurs in hypoxia (23,26). This hypoxic
hyperventilation and its advantageous influence on alveolar PO, partially counters the lowered
alveolar and arterial oxygen pressure (16,37a,46). However, the hypoxia-induced cerebral
vasodilation and increased brain blood flow is partially limited or even overcome by the
cerebral vasoconstrictor influence of hypocapnia (23,26). The lowered carbon dioxide
pressure of arterial blood during acute exposure to hypoxic environments therefore can
diminish central nervous system tolerance to atmospheric hypoxia, as well as disturbing the
central neural acid-base environment. For such reasons, in human subjects a prevention of the
prominent arterial hypocapnia associated with administration of hypoxic gas (e.g., 8% O, at
1.0 ATA, or during 100% O, breathing at 40,000 feet altitude), provides the brain with a
better oxygen supply than it has when subnormal O, is inspired without preventing arterial
hypocapnia (16,30).

4.2 Relations to Performance Functions

Interacting influences of hypoxia and CO, on ventilation, blood gas transport, brain
blood flow, and brain metabolism have been described, as has study of visual and mental
performance in hypoxic states (7,33,34,37,43,45). However, relatively little is known about
concurrent effects of these important interactions of CO, and hypoxia on mental and
psychomotor performance or on the quality of visual and other perceptual functions in
physical exercise. Mental competence, neuromuscular coordination, and vision are critical
functions in responding to a life-threatening emergency, or in maintaining the precise
operational skills required for manned space operations. This Project hypothesizes
maintenance of these critical functions during hypoxic work, by reversal of hypocapnia to
sustain cerebral oxygenation. This effect may conceivably be modified during exposure to
microgravity by central pooling of blood and other circulatory alterations. Simulation of

{4/95:nasa%4,5:c0202fin.rpt} 4
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microgravity by immersion in water was therefore included in the Program to provide an
initial step in evaluation of this possibility (9,28), at rest and at work.

4.3 CO,-0O, Interactions in Severe States of Hypoxia, Hypercapnia, and
Physical Work

During any accidental or purposeful exposure to hypoxia, an ability to perform precise
mental and psychomotor functions will be desirable or required during brief or extended
periods of physical work, as well as in rest states. It was considered that the increased rates
of whole body oxygen consumption and carbon dioxide production caused by physical work
will decrease tolerance to hypoxemia alone (38,45) and could limit the beneficial effects of
arterial PCO, elevation on brain oxygenation, mental, psychomotor, and visual functions that
were hypothesized for hypoxic exposures at rest.

5.0 ORIGINAL HYPOTHESES

The originating Program hypothesis was that a tolerable increase in atmospheric carbon
dioxide pressure during acute atmospheric hypoxia will accelerate adaptation and improve
mental and physical performance, at rest and in work. It was desired to relate the concept
also to immersion. Hypotheses were therefore extended to include:

0 Respiratory (and brain vascular) reactivity to increased atmospheric carbon dioxide
partial pressure during immersion microgravity simulation will not be different than in
exposures to normal dry environment.

o Tolerable exposure to increased inspiratory hypercapnia will improve
cognitive/psychomotor performance during atmospheric hypoxia in rest and physical work.

o Improvement in performance will result from CO,-induced combined increases in
respiration, arterial oxygenation, and brain blood O, flow.

6.0  SIGNIFICANCE

The special significance of the present research has been its contributions to a Program
specifically concerned with interacting influences of non-inert respiratory atmospheric
components in rest and in work, in acute and transient exposure, and in longer term
exposures.

Especially significant from practical operational standpoints is that, different from
effects of slow climbing to increased altitude, the spacecraft, module or station can experience
abrupt accidental or intentional, slight or drastic changes in the contained atmosphere. The
scope of potential accidental or intentional changes will increase with mission duration, and
can involve loss of pressure, loss of inert gas, loss of oxygen, or defect in carbon dioxide

{4/95:nasa%4,5:co202fin.rpt} 5
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removal. Pressure reduction then becomes a means of reducing rate of gas loss or gas
toxicity.

Significance related directly to physiologic responses to CO,-Hypoxia interactions is
that no exposure to atmospheric hypoxia, of either mild or severe degree, produces its
measurable effects except in conjunction with parallel effects of intrinsic changes produced by
carbon dioxide (16). Further special physiologic significance relates to the interlocked
neurochemical central and peripheral chemoreflex System of Respiratory Control, affected in
acute and in longer exposures to atmospheric changes. The System itself is constant, but
alteration of the pressure of either or both oxygen or carbon dioxide results in immediate and
reproducible shifts in control system equilibrium, modifying circulation and other systems
affecting internal environments of brain and other critical organs.

Atmospheric control and adjustment for routine and contingency activity in prolonged
space operations are more easily provided through engineering than are most other
environmental requirements. They are also most critical, day-by-day, for ultimate long-term
success. The many decades of expert physiological investigations of aviation, mountaineering
and laboratory exposure to altered respiratory environments have provided much of the
conceptual understanding and information concerning limits of tolerance for periods of
minutes, days or weeks (15,16,38,42). Development of predictive capability for success in
multi-month or multi-year exposures in space requires progressive accumulation of such data
adaptable to predictive modeling of contingencies relating human and equipment function.
The present Program is providing its organized data to the Environmental Biomedical
Research Data Center (NASA NAGW-3628) for potential use in such predictive modeling
(20).

7.0 SCOPE OF EXPERIMENT PROJECTS PERFORMED - Results During Four
Phases of This Report Period

7.1 Phase I - Methods and Procedures Development and Validation

Work objectives centered upon study of interactions of physiologic responses to acute
exposures to physical work, and to altered respiratory environment. These experiments
therefore required simultaneous measurements of relevant facts, with special ability to
measure rates of change, as well as "stable" dose-effect relationships.

Immersion was used as a partial simulation condition for null gravity. It is also the
natural environment in Naval and NASA diving, and has been cited as contributory to
development of convulsions in hyperoxic exposures (3,6,47). Special methods developments
were required for the performance of physiologic studies in immersion and dry states. Pre-
existing capability included essentially breath-by-breath measurement of respiratory ventilation
functions, end-tidal gas composition, metabolic gas exchange, arterial % hemoglobin
saturation (pulse oximeter), and physical work level.

{4/95:nasad4,5:co202fin.rpt} 6
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Introduction of new required methods involved development and pre-experiment
validation. Major Sub-Projects therefore encompassed:

7.1.1 Development of Laboratory Underwater Ergometry System for
Controlled Submerged Exercise

An underwater work system was developed to measure physiological responses to
equivalent exercise workloads under dry and immersed conditions (Fig. III-1). The system
was calibrated in eight subjects by measuring oxygen uptake at underwater workloads of 30,
50, 75, 100, 125, and 150 watts and dry workloads of 30, 50, 100, 150, and 200 watts.
Calculated regression lines fitted to oxygen uptake values obtained under wet and dry exercise
conditions had nearly identical slopes, with the wet values about 0.550 L/min higher than the
dry values at the same ergometer workload settings (Fig. III-2). The influence of pedal rate
on oxygen uptake at equivalent workloads under wet and dry conditions was also evaluated in
eight subjects (I1I-3). As expected, the change in oxygen uptake for different pedal rates
underwater was much steeper than that found under dry conditions. A pedal rate control
system with an underwater speaker that emitted low or high tones when pedal rate was too
low or too high, respectively, was used to provide feedback that helped the subject to
maintain a constant pedal rate/work rate underwater.

7.1.2 Immersed Arterial Blood Sampling

The requirement for obtaining arterial blood samples from an immersed subject
imposed precautions to avoid contamination of the puncture wound over and in the radial
artery. The skin puncture site was covered with antibiotic ointment prior to sealing the area
with a large transparent Tegaderm dressing. Waterproofing of the puncture site was further
assured by covering the periphery of the Tegaderm patch and adjacent skin with a layer of
liquid silicone rubber.

7.1.3 Establishment of Quantitative, On-Line Transcranial Doppler
Method as Continuous Index of Brain Blood Flow

Transcranial Doppler measurements of middle cerebral arterial (MCA) flow velocity
were calibrated against simultaneous measurements of cerebral blood flow (CBF) perfusion
rate by clearance of radioactive xenon (Fig. II-1). Eight subjects were studied over an arterial
PCO, range of 25 to 50 mm Hg while breathing oxygen as the background gas. Relative to
control values measured while breathing 100% O,, percent changes in CBF at increased levels
of arterial PCO, corresponded to changes in MCA velocity in a ratio of 2:1 (Fig. II-2). These
relative changes are consistent with MCA vasodilation during exposure to hypercapnia.

{4/95:nasa94,5:co202fin.rpt} 7
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7.1.4 Transcranial Doppler Blood Flow Measurement in Immersion

Transcranial Doppler (TCD) ultrasonography is a relatively new technique that was
developed initially for use in patients with neurological diseases (1). Prior to the current
application, it had not been used for underwater measurements. Problems were encountered
related both to stabilization of the TCD probe and to the elimination of artifacts caused in
immersion by multi-directional transmission of Doppler signals.

Stable orientation of the TCD probe with respect to the middle cerebral artery must be
maintained at rest and during exercise throughout an experiment to obtain accurate
measurements of blood flow velocity. The platform supplied by the manufacturer for long-
term attachment of the TCD probe to an appropriate cranial "window" did not provide
adequate stability during exercise even in a dry environment. This problem was solved by the
design and fabrication of a new platform that could be attached to the subject’s head with the
aid of Stomahesive and double-backed tape. The new platform also provided a mechanism
for clamping the TCD probe to maintain a constant angle of insonation with the middle
cerebral artery. The softening of Stomahesive underwater occurred slowly enough that probe
stability could easily be maintained for the duration of an experiment.

Multi-directional transmission of Doppler signals underwater caused problems that do
not exist in an air background. Artifacts related to head or wave movements appeared as
bursts of noise that distorted or obliterated the waveform of the blood velocity signal. Head
movements were minimized by positioning the subject to provide mechanical stability that
facilitated the performance of ergometer exercise without extraneous body movements.
Measures were taken to reduce artifacts due to wave action during exercise.

7.2 Phase II - Effects of Partial and Total Immersion

Specific interests in immersion concerned effects of immersion on respiration and brain
blood flow, respiratory and brain circulatory reactivity to CO,, and responses to exercise.

7.2.1 Effects of Partial and Total Immersion on Physiological Responses to
Incremental Exercise (Breathing Air at 1.0 Atmosphere)

Eight subjects were studied during incremental exercise under dry conditions, then
during head-out immersion, and during total immersion. Water temperature was maintained at
32°C. Air was breathed rather than oxygen to facilitate measurements of oxygen uptake
during exercise. During exposure to each condition, a 10-minute rest period was followed by
three consecutive 6-minute workloads consisting of 60, 110, and 150 watts at a pedal rate of
60 rpm in the dry and 30, 80, and 110 watts at 50 rpm during immersion. Concurrent
measurements at each workload included end-tidal PCO,, MCA (middle cerebral artrey) blood
flow velocity, ventilation rate, tidal volume, respiratory rate, heart rate, and rates of O, uptake
and CO, elimination.

{4/95:nasa94,5:co202fin.rpt} 8
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Average ventilatory responses to incremental exercise were nearly identical under dry
conditions and in both immersion states (Fig. IV-2). Average end-tidal PCO, values at rest
and during incremental exercise for all three conditions are shown in Fig. IV-3. None of the
differences in end-tidal PCO, values at equivalent workloads were statistically significant by
analysis of variance across all workloads and all three conditions.

Average MCA blood flow velocities in all three conditions increased significantly by
about 8 cm/sec on the average during the transition from rest to exercise, but remained
essentially constant with further increments in workload (Fig. IV-1). There were no
significant differences in MCA blood flow velocities measured under dry conditions or in
either immersion state.

7.2.2 Effects of Partial and Total Immersion on Physiological Responses to
Progressive Hypercapnia (Breathing Oxygen at 1.0 Atmosphere)

Eight subjects were studied at rest under dry conditions, then during head-out
immersion, and finally during total immersion. Water temperature was maintained at 35°C.
In each condition, the subject first breathed air, then 100% O,, followed by consecutive
periods of CO, administration at controlled end-tidal PCO, levels of 45, 50, and 55 mm Hg.
Concurrent measurements on each gas included arterial PCO,, PO,, and pH, body temperature,
MCA blood flow velocity, ventilation rate, tidal volume, respiratory rate, heart rate, and mean
arterial blood pressure.

Average ventilatory responses to progressive hypercapnia were higher under dry
conditions than in both immersion states, but the differences were small and not statistically
significant (Fig. V-2). Neither head-out nor total immersion had a measurable effect on
ventilatory responses to hypercapnia at rest.

Relationships of average body temperature to increasing arterial PCO,_showed only
small, but consistent, differences in the dry and during immersion. Hypercapnia-induced
peripheral vasodilation with increased heat loss to the 25°C ambient air atmosphere probably
accounted for the observed 0.4°C fall in body temperature under dry conditions. During
head-out and total immersion in 35°C water, body temperature remained stable during
exposure to hypercapnia. The observation that average body temperature was about 0.3°C
higher during total than during head-out immersion probably reflects the fact that these
measurements were obtained after an additional 90 minutes of immersion in warm water.

Average values for mean arterial blood pressure were consistently lower in both
immersion states than under dry conditions at comparable levels of arterial PCO, (Fig. V-4).
The lower arterial blood pressure and increased heart rate observed during immersion are
consistent with a mild hypotensive response to heat-induced cutaneous vasodilation in 35°C
water and a related reflex increase in heart rate. Mean blood pressure rose progressively in
response to increasing arterial PCO, with essentially equal slopes in all three conditions, but
average values during immersion were significantly lower by about 7-8 mm Hg.

{4/95:nasa94,5:co202fin.rpt} 9
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Average heart rate also rose progressively in response to increasing arterial PCO, with
nearly equal slopes in all three conditions (Fig. V-3). Average values in both immersion
states were nearly identical during exposure to hypercapnia, and both curves were significantly
higher by about 9-10 beats/minute than average values obtained under dry conditions at the
same levels of arterial PCO,. The nearly linear increments in heart rate and mean arterial
blood pressure with increasing arterial PCO, probably reflect hypercapnia-induced sympathetic
stimulation which may be modified to some extent by the superimposed vagal cardiac action
of hyperoxia.

The average MCA blood flow velocity (Brain Blood Flow Index) responses to
increasing arterial PCO, were nearly identical under dry conditions and in both immersion
states (V-1). These results were obtained under resting conditions with virtually no Doppler
signal interference related to immersion of the Doppler probe. The observed data indicate that
cerebral circulatory responses to hypercapnia at rest are not significantly influenced by either
head-out or total immersion.

7.3  Phase III - Evaluation of Specific Mental Function Tests as Sensitive
Indices of Hypoxic Effect, at Rest and in Exercise

Effects of exercise and/or hypercapnia during acute exposures to atmospheric hypoxia
depend upon the degree and duration of the hypoxia.

An intent of the Program therefore has to be to establish sustained decrements in
hypoxia-sensitive mental functions, in order then to investigate effects of superimposed
hypercapnia and/or exercise. Such ancillary effects must be interpreted in relation to degree
and duration of hypoxic exposure. Therefore an initial step in the Program required selecting
atmospheric O, concentrations tolerably detrimental over the desired hour-long exposure
period.

Prior experiments showed that .08 ATA O, inspired at rest for periods of 20 to 30
minutes induced significant decreases in brain O, consumption, which was largely reversible
by preventing arterial hypocapnia (16,23). Exposure to .10 ATA O, causes only small
decrements in brain O, consumption of resting subjects (13).

7.3.1 Test Evaluation and Performance Measurement System

In the present Program, the search for sensitive measures of hypoxic effects on mental
function was greatly facilitated by the availability of the Performance Measurement System,
that was designed, constructed, and evaluated at the Institute for Environmental Medicine
(Appendix A). The Appendix contains descriptions of Tests and System.

Exposures to .12 ATA O, and 10% in N, were used initially to explore capability of

graded uninterrupted physical work of 50 and 100 watts, while responding to mental and
psychomotor function tests. Significant changes in psychomotor functions were found with

{4/95:nasa94,5:c0202fin.rpt} 10
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10% O,, but not found with 12% O, in continuous rest/work exposure (Annual Report 1993)
21).

Specific tests evaluated with 10% O, during and following studies of 12% O,
exposures were a Time Reproduction Test of time estimation ability, a Visual Digit Span Test
of span memory ability, a Choice Reaction Time Test of response orientation ability, and an
Operations Test of numeric reasoning ability. These tests were selected for evaluation by the
following criteria: (a) a level of difficulty such that a stable performance plateau could be
readily achieved within a reasonable training period; (b) a wide range of possible scores
achievable within an administration time of less than 5 minutes; (c¢) randomly presented test
items having uniform degrees of difficulty; (d) sensitivity of test scores to hypoxia sufficient
that significant decrements occur consistently during exposure to inspired oxygen
concentrations of 10% or higher.

Effects of exposure to 10% O, (0.1 ATA O,) for up to 60 minute on the four selected
tests in five trained normal men are summarized in the prior Annual Report (21). Both the
choice reaction time and the operations test were significantly reduced by 19.6% and 19.0%,
respectively. However, these observed decrements were relatively small in magnitude, and
therefore not satisfactory for assessing the capacity for restoring function by carbon dioxide
administration.

Accordingly, effects of hypoxia on six additional tests of mental function were
evaluated for potential larger sensitivity to hypoxia.

7.3.2 Technical Descriptions of Six Mental Function Tests Evaluated for
Use in Exposures to 10% O, Alone and (10% O, with CO,)

The simpler tests evaluated initially were studied in subjects trained to baseline
plateaus in the technical performance of these tests. More complex tests were selected for this
next phase of investigation, and the effects of hypoxic exposure on recently learned skills
were also evaluated. The selected Performance Measurement System Tests and mental
functions involved are briefly as follows:

Word-Number Test of Associative Memory Ability. The subject is given one minute
to memorize a video monitor display of six vertically oriented side-by-side word-number pairs
(Appendix A). This display is then replaced by another with the same words in a different
(scrambled) order, without the numbers. The response is to indicate (with the stylus) the two
digits remembered as paired with each word, working from top to bottom of the display. The
complete test consists of two six-paired displays, with the principal score the number of
correct responses (24 maximum).

Letter Order Test of Inductive Reasoning Ability. The object is find the rule that
makes four of five letter groups (identified with the digits "1" to "5") alike in some way, and
to report which one does not fit the rule. The response is to put the stylus into the

{4/95:nasa9%4,5:c0202fin.rpt} 11
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appropriate cell "1" through "5". The test lasts four minutes, and the principal score is the
number of correct responses minus one fourth the number of incorrect responses.

Surface Development Test of Visualization Ability. An isometric drawing of a three
dimensional object with eight edges numbered "1" through "8" and a principal side identified
with the letter "X" is displayed to the right of the same object shown folded out in two
dimensions, with the same edges identified by the letters "A" through "H" and the side "X"
identified. The response is to match each lettered edge on the foldout with its corresponding
numbered edge on the isometric drawing by placing the stylus in the appropriate cell "1"
through "8". The test lasts three minutes, and the principal score is the number of correct
responses minus one seventh the number of incorrect responses.

Choosing-a-Path Test, of Spatial Scanning Ability. The display shows five boxes side-
by-side. Each box has indicated start (S) and finish (F) points along with a maze of

intersecting lines. Small closed circles indicate those intersections where turns can be made.
One large open circle must be included in the single complete path originating at the "S" in a
box and terminating at the "F" in the same box. Each box is identified with a digit ("1"
through "5"). The response is to indicate the box that has a complete path from "S" to "F" by
placing the stylus in the appropriate cell "1" through "5". The test lasts four minutes, and the
principal score is the number of correct responses minus one fourth the number of incorrect
responses.

Multiplication (or Division) Test, of Numerical Ability. A multiplication (or division)

problem is displayed. The response is to indicate the correct answer to the arithmetical
operation by placing the stylus sequentially into the appropriate cells numbered "0" through
"9", and then indicating that the answer is complete by placing the stylus into the "star" cell.
The test lasts two minutes, and the principal score is the number of correct digits in the 2- or
3-digit solutions to the randomly presented problems.

7.3.3 Effects of Breathing 10% Oxygen for 60 Minutes on Six Selected
Tests of Mental Function (Inexperienced Subjects)

Previous studies (5,8,12) have indicated that recently learned information may be more
sensitive than well established skills, to impairment by hypoxia. In order to determine
whether any of the six selected tests were unusually sensitive to hypoxia in inexperienced
subjects, they were initially screened in eight subjects who were taught how to perform each
test, but had not achieved a stable learning plateau. On each of two different days at least
two days apart, each subject performed three mental function tests under normoxic control
conditions and then repeated the tests starting at 35, 45, and 55 minutes of a 60-minute
exposure to 10% O,. The Word-Number, Choosing-a-Path, and Multiplication Tests were
administered in that order on the first day. On the second day, the test sequence consisted of
the Letter Order, Surface Development, and Division Tests. Because performance of each test
during exposure to hypoxia always followed testing under normoxic conditions, any learning
that occurred with repetition of the same test would reduce rather than increase its apparent
sensitivity to hypoxia.

{4/95:nasa94,5:c0202fin.rpt} 12
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Average scores for each of the six selected tests under normoxic and hypoxic
conditions are summarized in Fig. VI-1. None of the tests provided an exceptionally sensitive
indication of hypoxia in the eight relatively inexperienced subjects. Average scores were
reduced during exposure to hypoxia for all but the Letter Order Test. Distinct decrements of
performance were found for several tests. The observed decrements were statistically
significant for the Word-Number, Choosing-a-Path, and Division Tests. With respect to the
air breathing control value, average scores for these tests were reduced by 38.1, 58.6, and
28.5%, respectively. Despite the observed large decrement, the Choosing-a-Path Test was not
selected for further evaluation, because the excessive time required for each response greatly
reduced the range of possible scores that could be achieved within a limited time.

Conversely, the Letter Order Test was selected for further evaluation, despite its apparent
insensitivity to hypoxia, because it was considered that its sensitivity could be improved with
more experienced subjects.

Accordingly, the Word-Number, Letter Order, and Division Tests were selected for
final evaluation in subjects who were trained to achieve baseline plateaus in all three tests.

7.4  Phase IV - CO, Effects During Hypoxia

7.4.1 Effects of Breathing 10% Oxygen for 60 Minutes on Physiological
and Mental Functions (Experienced Subjects)

Mental Function Responses

Results of mental function testing under normoxic and hypoxic conditions in nine
experienced subjects are summarized in Fig. VI-2. Average air breathing control scores for
the Word-Number, Letter Order, and Division Tests were 21, 61, and 14% higher,
respectively, than the corresponding scores achieved by inexperienced subjects. Scores of all
three tests were significantly reduced during exposure to hypoxia by average decrements of
37.9, 47.6, and 21.6%, respectively. Percent decrements in all three tests in relation to
hypoxic exposure duration are shown in Appendix Fig. VI-3.

All three tests were selected as mental function indices for the planned evaluation of
carbon dioxide administration as an effective means for increasing CNS tolerance to hypoxia.

Physiological Responses

Average physiological responses to prolonged hypoxia in the nine experienced subjects
are summarized graphically in Figs. VII-1 to VII-4. Upon abrupt administration of 10% O,,
end-tidal PO, fell rapidly, as the initiating event, to about 35 mm Hg, with little individual
variability during the first half of the hypoxic exposure and some variation in association with
mental function testing during the second half (Fig. VII-1). Average arterial oxyhemoglobin
saturation decreased from about 98% during air breathing to 62-67% (Fig. VII-2). Ventilation
increased from an average control value of 7.2 L/min to 9-13 L/min (Fig. VII-4). Reflecting
the hypoxic stimulation of ventilation, estimated arterial PCO, (from end-tidal values) fell

{4/95:nasa9%4,5:c0202fin.rpt} 13
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from an average value of 42.5 mm Hg during air breathing to about 36 mm Hg during the
first half of the exposure, declining further to about 34 mm Hg during the second half of the
hypoxic exposure (Fig. VII-3). Average heart rate increased from 72 beats/min to about 89
beats/min within the first 10 minutes and then declined gradually to about 78 beats/min during
the rest of the exposure to hypoxia (Fig. VII-2).

7.4.2 Contrast of Hypoxia Alone and Hypoxia with Restored
Normocapnia, on Mental Performance and Physiological Responses

CO,_Effects Upon Mental Function during Hypoxia

The potential for amelioration of hypoxic effects on mental function by concurrent
administration of carbon dioxide was evaluated in eight subjects exposed continuously to 10%
O, for 60 minutes. 4.1% CO, was added over the final 23 minutes of 10% O, exposure.
Following air control measurements, the Word-Number, Letter Order, and Division Tests were
administered to each subject beginning at about 28 minutes of 10% O, exposure (see Fig. VII-
1 for timing). All three tests were then repeated beginning at 10 minutes after the start of
CO, addition. Average scores for all three mental function tests during air breathing,
exposure to 10% O,, and exposure to 10% O, with 4.1% CO, are summarized in Fig. VI-2
and percent decrements in relation to exposure duration in Fig. VI-3.

Average scores of the word-number and division tests were significantly reduced by
25.5 and 34.4%, respectively, during exposure to hypoxia alone and were not significantly
different from normoxic control scores after addition of 4.1% CO, to the breathing gas. In
contrast, average scores of the Letter Order Test were not significantly reduced during
hypoxia alone, with an average decrement of only 10.1%, but were significantly decreased by
32.4% after addition of CO, to the breathing gas. Upon detailed evaluation of this test to
determine why the corresponding pattern of responses differed so markedly from those found
for the other two tests, it was discovered that the degrees of difficulty among test items varied
randomly. Therefore, the relative scores achieved during repeated Letter Order Testing were
influenced as much by the random variation in degree of difficulty as they were by concurrent
changes in the mental competence of the subject. By comparison, repeated presentations of
the Word-Number and Division Tests were more uniform in degree of difficulty.

CO, _Effects upon Physiologic Responses to Hypoxia

Physiological responses to hypoxia with restored normocapnia are summarized in
Figs. VII-1 to VII-2. End-tidal PO, fell from an average control value of 108 mm Hg to
level off at about 36 mm Hg during exposure to hypoxia alone (Fig. VII-1). After addition of
CO,, end-tidal PO, rose to stabilize at about 55 mm Hg. Arterial oxyhemoglobin saturation
decreased from an average control value of 98% to about 68-72% during exposure to hypoxia,
and rose to level off at about 91% after addition of CO, (Fig. VII-2). Ventilation increased
from an average control value of 7.7 L/min to 10-12 L/min while breathing 10.0% O, and
increased further to 21-23 L/min after addition of 4.1% CO, (Fig. VII-4). Estimated arterial
PCO, fell from an average value of 43.2 mm Hg during air breathing to about 36 mm Hg

{4/95:nasa%4,5:co202fin.rpt} 14
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during exposure to hypoxia alone and rose to plateau at about 44.5 mm Hg after addition of
CO, (Fig. VII-3). Average heart rate increased from a control value of 75 beats/min to 88-93
beats/min during exposure to hypoxia alone. After addition of CO, to the inspired gas, heart
rate actually declined, to range from average values of 76-84 beats/min, with an overall
average of about 80 beats/min (Fig. VII-2).

8.0 SUMMARY - SCIENTIFIC RELEVANCE OF RESULTS AND IMPACT ON
FUTURE RESEARCH PLANS

The Performance Measurement System (Appendix A) proved highly adaptable to
studies of changing hypoxic stress. Of the six tests of mental function that were evaluated

during the second Program year, a word-number test of associative memory ability and a
division test of numerical ability were consistently impaired during exposure to 10% O,.
Scores of both tests were restored to normoxic control levels when 4.1% CO, was added to
the inspired gas while continuing the exposure to hypoxia. This represented an acute
adaptation to acute atmospheric hypoxia.

Physiological responses to restored normocapnia in hypoxia included an increment in
ventilation that was sufficient to raise arterial oxyhemoglobin saturation to about 91% from a
level of about 70% during exposure to hypoxia alone. The improvement in arterial oxygen
content was associated with reversal of a mild tachycardia that was present during exposure to
hypoxia alone.

During immersion studies measurement of the Transcranial Doppler index of brain
blood flow was possible. The initial research plan included the use of immersion to simulate
microgravity influences on ventilatory and brain circulatory adaptations to hypoxia with and
without restored normocapnia. The immersion studies, done in the presence of normoxic or
hyperoxic levels of oxygenation, showed no detectable influences of total immersion on
ventilatory or cerebral circulatory responses to either incremental exercise or progressive
hypercapnia. This indicates that the influence of restored normocapnia on CNS tolerance to
hypoxia is also unlikely to be affected by immersion.

The results provided in Graphic Summary are all consistent with our initial hypothesis
that CNS tolerance to atmospheric hypoxia can be increased promptly and significantly b
purposeful elevation of inspired carbon dioxide partial pressures. The influence of carbon
dioxide in limiting the degree of arterial hypoxemia is expected to produce further advantage
through improvement in brain blood (oxygen) flow. At the time these experiments were
performed, the techniques for measuring MCA blood flow velocity by Transcranial Doppler
(TCD) ultrasonography were not fully developed in our laboratory. The important
measurement of brain oxygenation will be included in the planned extension of the Program.
The physiological influence of exercise on CNS tolerance to hypoxia alone and with restored

{4/95:nasa%4,5:c0202fin.rpt} 15
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normocapnia will also be determined, along with specific study of the rates of adaptation of
physiologic responses.

9.0 PERSPECTIVE FOR FUTURE RESEARCH - Relevance of Carbon
Dioxide/Hypoxia Interactions to NASA Biomedical Research Program and

Operations

In the self-contained spacecraft, vehicles, stations, suits or other human containments
in space activity, the desired safety and functional capability depend primarily, both acutely
and in prolonged missions, upon the respiratory environmental, carbon dioxide, nitrogen, and
oxygen. Normal individuals adapt gradually on earth to a considerable range of prolonged
exposure to atmospheres of reduced oxygen pressure, having no appreciable carbon dioxide
content. Natural states of prolonged human exposure to elevated carbon dioxide pressures,
with or without concurrent hypoxia, do not exist on earth except in chronic pulmonary
disease. Nevertheless, potentially useful, acutely hazardous, or chronically detrimental
exposures to carbon dioxide and/or hypoxia are all considered important possibilities within
forthcoming prolonged human activity in space. Enhanced ability to adapt to accidental or
purposeful atmospheric changes in oxygen and/or carbon dioxide could save lives of crew
members, sustain performance capability, or avoid premature termination of missions.
Reduction of ambient pressure in spacecraft or station reduces decompression hazard, suit
pressure requirement, reduces leakage rate, and, without oxygen supplementation, reduces fire
hazard (14,17,22,35). Elevation of inspired carbon dioxide in acute (possibly accidental)
hypoxic states sustains consciousness and mobility for emergency action (10,30). For such
reasons, experiment and analysis providing for prediction of physiological tolerance and
performance capability in unusual respiratory environments is an essential component of
NASA Biomedical Research and Operations programs. '

The data obtained concerning CO,-0, interactions in hypoxia will continue to be
paralleled by data obtained concerning COz-Hyp?ro‘)'ﬁa interactions (Fig. VIII-1).

Corgeegly
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