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Introduction

Long-term NASA goals include permanent occupation of the International Space Station (ISS) and missions to both the moon and Mars.  One of the critical issues to be addressed for reaching these goals is the definition of an optimum pressure for EVA suits.  Currently, a 4.3 psia pressure suit is used for space shuttle EVAs in zero gravity.  This suit, in combination with current preoxygenation schedules, is effective for DCS prevention.  However, at 4.3 psia, the astronauts experience hand and arm fatigue due to the “stiffness” of the suit.  Also, due to the gravitational forces that exist on the moon and Mars, the current suit will be too heavy for planetary EVA.  The first objective of the study was to test decompression schedule for DCS prevention for a 3.5 psia EVA suit.  In addition to the need for a lower pressure EVA suit, potential changes in the breathing gas composition needed to be evaluated.  The Martian atmosphere has argon as a constituent, which will appear in the breathing mixture unless costly and heavy systems are provided to separate it from the nitrogen.  The second objective of the study was to determine the DCS implications of breathing an oxygen and argon mixture during decompression prior to EVA.

The project applies to Critical Path roadmap question 11.33 regarding treatment of decompression sickness, in this instance by evaluating a method to prevent it and the effects of a novel environmental atmosphere applicable to Mars exploration.


The rationale for investigating the DCS implications of breathing argon in the preoxygenation mixture is based on two future NASA missions; post-construction EVA from the ISS, and Martian EVA.  We tested the hypothesis that the 5-hour preoxygenation routine will produce no greater than 40% DCS at 3.5 psia.  We made no attempt to define an operational preoxygenation schedule, nor to determine an operationally acceptable level of DCS risk.  The data obtained from this experiment provides a crucial starting point, from which future experiments can be designed to determine an operationally specific preoxygenation schedule for a 3.5 psia pressure suit.

Materials & Methods


Forty (40) subjects completed three hypobaric exposures each.  Exposure A was a 5-hour preoxygenation routine (including ascent time) for exposure to 3.5 psia.  Exposure B was a 5-hour preoxygenation routine (including ascent times) for exposure to 3.5 psia, utilizing a 7.34 psia stage.  Finally, Exposure C was a 5-hour preoxygenation routine (including ascent times) for exposure to 3.5 psia, utilizing a 7.34 psia stage with an ARGOX breathing mixture.  To simulate microgravity, subjects were supine on a gurney for the entire preoxygenation following exercise, ascent, exposure to simulated altitude, and descent. All ascents were at 1,000 ft/min.  Echo-imaging was accomplished at approximately 15-min intervals throughout the exposures using a Hewlett Packard SONOS 1000 Echo-Imaging System.  The VGE were graded by the Spencer Scale and used as an indication of relative severity of exposure.  This method also detects arterial gas emboli, since both heart ventricles are observed, and can allow visualization of gas emboli in other areas of the vasculature.  The experiments were terminated with the completion of the 3 hour exposure to 3.5 psia or the occurrence of signs or symptoms of  DCS.
Results


N
%DCS
%VGE

Profile A
40
32.5
32.5

Profile B
40
55.0
45.0

Profile C
40
77.5
72.5

Using McNemar’s test for significance between levels of DCS, there were differences between all three profile comparisons: A with B (P=.02); A with C (P=.001); B with C (P=.05).  Using the Log-Rank test, the DCS onset incidences were significantly different between profiles A and B, and profiles B and C.
Discussion

Prevention of DCS by preoxygenation using these procedures indicates a difference between breathing 100% oxygen at ground level or 18,000 ft; a finding which was unexpected.  It was unexpected because we believed the exercise-enhanced prebreathe would have sufficiently protected subjects prior to decompression to the inflight denitrogenation altitude of 18,000 ft.  It did not.  These results agree with previous results that indicated that resting prebreathe of shorter duration (1.25 or 2.25 hours) at ground level was better than the same resting prebreathe at 18,000 ft (Webb et al., 2001).  The difference between profiles B & C is of note due to the apparent effect of argon.  Apparently, the influx of argon to the tissues had a greater negative effect on preoxygenation effectiveness than its potential positive effect in excluding nitrogen.  Although our experimental design was not guided by potential operational application, the results clearly indicate that gas switching from breathing air (with nitrogen) to an ARGOX breathing mix is inadequate as a mechanism of denitrogenation in comparison with switching from air to 100% oxygen.
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Balldin UI, Pilmanis AA, Webb JT. Staged decompression to 3.47 psi using an argon-oxygen (ARGOX) breathing mixture for Mars exploration. (Abstract) Aviat Space Environ Med 2002;73:

INTRODUCTION. A Mars habitat atmosphere requires an inert gas for fire protection. Transporting such a gas from Earth to Mars is not economical. Nitrogen and argon can be extracted from the Martian atmosphere. The Mars habitat and suit pressures have not been determined. The current extravehicular activity (EVA) suit at 4.3 psia may cause hand and arm fatigue and would be too heavy for Martian EVA. Development of a new 3.47 psia EVA pressure suit would reduce structural complexity, leak rate, and weight while increasing mobility, comfort and maintainability, but will increase preoxygenation time. This study aimed at investigating the decompression sickness (DCS) implications of breathing an oxygen/argon mixture during stage decompression prior to exposure to 3.47 psia. METHODS. Forty subjects completed three hypobaric exposures each. A: 4-hour 25-min ground level denitrogenation (100% oxygen breathing) prior to exposure to 3.47 psia. B: the same as A, utilizing a 7.34 psia stage denitrogenation. C: the same as B, utilizing a 7.34 psia stage denitrogenation with 38% oxygen - 62% argon. To simulate microgravity, subjects were supine. Venous Gas Emboli (VGE) detection was done using echo-cardiography. The experiments terminated at the end of 3 hrs at 3.47 psia or with signs or symptoms of DCS. RESULTS. Using the Log-Rank test, the DCS onset incidences were significantly different between profiles A and B, and profiles B and C. CONCLUSIONS. Prebreathe at 7.34 psia stage resulted in more DCS and VGE than with ground level prebreathing suggesting the need for a higher stage pressure. Prebreathe with ARGOX at 7.34 psia resulted in more DCS and VGE than with 100% oxygen suggesting that 4 hours of ARGOX on-gassing at that stage is too long.

	
	N
	% DCS
	% VGE

	Profile A
	40
	33
	33

	Profile B
	40
	55
	45

	Profile C
	40
	75
	73


Pilmanis AA, Webb JT, Balldin UI. Staged decompression to a 3.5 psi EVA suit using an argon-oxygen (ARGOX) breathing mixture. Bioastronautics Investigators’ Workshop (NASA). Galveston, TX. January, 2001. p. 199-200.
INTRODUCTION

Long-term NASA goals include permanent occupation of the International Space Station (ISS) and missions to both the moon and Mars.  One of the critical issues for reaching these goals is the definition of an optimum pressure for extravehicular activity (EVA) suits.  Currently, a 4.3 psia pressure suit is used for space shuttle EVAs.  This suit pressure, in combination with current preoxygenation schedules, is effective for decompression sickness (DCS) prevention.  However, at 4.3 psia, the astronauts experience hand and arm fatigue.  Also, due to the gravitational forces that exist on the moon and Mars, the current suit will be too heavy for planetary EVA. A 100% oxygen breathing gas at an ambient pressure of 2.8 psia, is physiologically equivalent to breathing air at 10,000 feet altitude.  However, because there will be some minimal performance decrement from mild hypoxia at that pressure and to provide a margin of safety, we propose a lower limit for the suit pressure of 3.5 psia.  A soft, lower pressure suit requires a trade-off between preoxygenation time and suit weight and mobility. Development of a new 3.5 psia EVA pressure suit would reduce structural complexity, leak rate, and weight while increasing mobility, comfort, and maintainability.  The trade-off for these advantages will be an increase in preoxygenation time.

Due to fire hazard, a “shirt sleeve” module containing 100% oxygen for preoxygenation is unacceptable.  A fire safe mixture of oxygen and nitrogen in the module would greatly reduce the denitrogenation rate and therefore require breathing on an oxygen mask.  In addition, air breaks in preoxygenation would be required while donning the EVA suit.  Air breaks in preoxygenation necessitate additional preoxygenation time.  A “shirt sleeve” environment must utilize a breathing mixture which is fire safe and provides hypoxia and DCS protection.  Argon is an inert gas with properties similar to nitrogen.  It is relatively inexpensive and available.  In terms of fire protection, a 38% oxygen - 62% argon mixture at 7.34 psia will provide an equivalent burn rate of paper strips as sea level air.  In terms of hypoxia prevention, this mixture, at this pressure, is the equivalent of breathing air at an altitude of 2,728 feet.  The Martian atmosphere has argon as a constituent that will appear in the breathing mixture unless costly and heavy systems are provided to separate it from the nitrogen.  In addition, the option of transporting nitrogen from earth is not attractive.


Preoxygenation with ARGOX will be effective for nitrogen elimination, because a large nitrogen pressure gradient will exist between the body and the breathing gas.  Argon, however, will be taken up by the tissues during this period. At the proposed stage of 7.34 psia, with a 38% oxygen - 62% argon mixture, the driving pressure for the loading of argon will be 235 mmHg, as compared to 600 mmHg for a fire safe ARGOX mixture at atmospheric pressure.  This will result in relatively less on-gassing of argon.  In addition, the duration of argon breathing at the stage is 4 hours.  In this time frame, the argon will only be loaded to what are termed “fast and medium tissues.”   During the 100% oxygen breathing 1,000 ft/min ascent to the 3.5 psia suit pressure,  the argon will be eliminated, while nitrogen continues to be off-gassed.

The overall objective of this project is to provide data on concepts necessary for the development of advanced EVA decompression schedules.  This effort will support two specific goals: 1. determination of optimum staged decompression requirements for a low-pressure EVA suit, 2. determination of DCS implications of breathing an oxygen/argon mixture prior to EVA.
METHODS


Forty (40) subjects will complete three hypobaric exposures each.  Figure 1 shows the details of the three exposure profiles.  Exposure A is a 5-hour preoxygenation routine (including ascent time) for exposure to 3.5 psia.  Exposure B is a 5-hour preoxygenation routine (including ascent times) for exposure to 3.5 psia, utilizing a 7.34 psia stage.  Finally, Exposure C is a 5-hour preoxygenation routine (including ascent times) for exposure to 3.5 psia, utilizing a 7.34 psia stage with an ARGOX breathing mixture. To simulate microgravity, subjects are supine on a gurney for the entire preoxygenation following exercise, ascent, exposure to simulated altitude, and descent. All ascents are at 1,000 ft/min.  Echo-imaging is accomplished at approximately 15-min intervals throughout the exposures using a Hewlett Packard SONOS 1000 Echo-Imaging System.  The VGE are graded by the Spencer Scale and used as an indication of relative severity of exposure.  This method also detects arterial gas emboli, since both heart ventricles are observed, and can allow visualization of gas emboli in other areas of the vasculature.  The experiments are terminated with the completion of the 3 hour exposure to 3.5 psia or the occurrence of signs or symptoms of  DCS.  
CURRENT STATUS

This study was initiated in July 1998.  Modifications to the hypobaric chamber and exercise equipment were accomplished to allow the simulation of microgravity.  The research protocol was approved by both the USAF and NASA IRB processes.  The study is on schedule, and it is expected that the 120 subject-exposures will be completed within the 3-year funding timeframe.  As of September of 2000, 75% of the subject-exposures had been completed.  The preliminary data are listed below.  No statistics or conclusions are attempted at this time pending the completion of the study.


N
%DCS
%VGE

Profile A
32
34
34

Profile B
31
58
52

Profile C
25
64
76

FUTURE PLANS

No attempt will be made in this study to define an operational preoxygenation schedule, nor to determine an operationally acceptable level of DCS risk.  The data obtained from this study will provide a crucial starting point, from which future experiments can be designed to determine an operationally specific preoxygenation schedule for a 3.5 psia pressure suit using staged decompression with 100% Oxygen or ARGOX.

Pilmanis AA, Krause KM, Webb JT, Petropoulos LJ, Kannan N.  Staged decompression to a 3.5 psi EVA suit using an argon-oxygen (ARGOX) breathing mixture. (Abstract) Proceedings of the First Biennial Space Biomedical Investigators’ Workshop.  January 11-13, 1999, League City, TX.  1999:124-6.

INTRODUCTION

Long-term NASA goals include permanent occupation of the International Space Station (ISS) and missions to both the moon and Mars.  One of the critical issues for reaching these goals is the definition of an optimum pressure for extravehicular activity (EVA) suits.  Currently, a 4.3 psia pressure suit is used for space shuttle EVAs.  This suit, in combination with current preoxygenation schedules, is effective for decompression sickness (DCS) prevention.  However, at 4.3 psia, the astronauts experience hand and arm fatigue.  Also, due to the gravitational forces that exist on the moon and Mars, the current suit will be too heavy for planetary EVA. A 100% oxygen breathing gas at an ambient pressure of 2.8 psia, is physiologically equivalent to breathing air at 10,000 feet altitude.  However, because there will be some minimal performance decrement from mild hypoxia at that pressure and to provide a margin of safety, we propose a lower limit for the suit pressure of 3.5 psia.  A soft, lower pressure suit requires a trade-off between preoxygenation time and suit weight and mobility. Development of a new 3.5 psia EVA pressure suit would reduce structural complexity, leak rate, and weight while increasing mobility, comfort, and maintainability.  The trade-off for these advantages will be an increase in decompression time.  

Due to fire hazard, a “shirt sleeve” module containing 100% oxygen for preoxygenation is unacceptable.  A fire safe mixture of oxygen and nitrogen in the module would greatly reduce the denitrogenation rate and therefore require breathing on an oxygen mask.  In addition, air breaks in preoxygenation would be required while donning the EVA suit.  Air breaks in preoxygenation necessitate additional preoxygenation time.  A “shirt sleeve” environment must utilize a breathing mixture which is fire safe and provides hypoxia and DCS protection.  Argon is an inert gas with properties similar to nitrogen.  It is relatively inexpensive and available.  In terms of fire protection, a 38% oxygen - 62% argon mixture at 7.34 psia will provide an equivalent burn rate of paper strips as sea level air.  In terms of hypoxia prevention, this mixture, at this pressure, is the equivalent of breathing air at an altitude of 2,728 feet.  The Martian atmosphere has argon as a constituent that will appear in the breathing mixture unless costly and heavy systems are provided to separate it from the nitrogen.  In addition, the option of transporting nitrogen from earth is not attractive. 


Preoxygenation with ARGOX will be effective for nitrogen elimination, because a large nitrogen pressure gradient will exist between the body and the breathing gas.  Argon however, will be loaded during this period. At the proposed stage of 7.34 psia, with a 38% oxygen - 62% argon mixture, the driving pressure for the loading of argon will be 235 mmHg, as compared to 600 mmHg for a fire safe ARGOX mixture at atmospheric pressure.  This will result in relatively less on-gassing of argon.  In addition, the duration of argon breathing at the stage is 4 hours.  In this time frame, the argon will only be loaded to what are termed “fast and medium tissues.”   During the 100% oxygen breathing 1,000 ft/min ascent to the 3.5 psia suit pressure”,  the argon will be eliminated, while nitrogen continues to be off-gassed.

The overall objective of this project is to provide data on concepts necessary for the development of advanced EVA decompression schedules.  This effort will accomplish two specific goals: 1. determine the optimum decompression requirements  for a low-pressure EVA suit, 2. determine the DCS implications of breathing an oxygen and argon mixture during  decompression prior to EVA. 
METHODS

 
Forty (40) subjects will complete three hypobaric exposures each.  Figure 1 shows the details of the three exposure profiles.  Exposure A is a 5-hour preoxygenation routine for exposure to 3.5 psia.  Exposure B is a 5-hour preoxygenation routine for exposure to 3.5 psia, utilizing a 7.34 psia stage.  Finally, Exposure C is a 5-hour preoxygenation routine for exposure to 3.5 psia, utilizing a 7.34 psia stage with an ARGOX breathing mixture. To simulate microgravity, subjects are supine on a gurney for the entire preoxygenation following exercise, ascent, exposure to simulated altitude, and descent. All ascents are at 1,000 ft/min.  Echo-imaging is accomplished at approximately 15-min intervals throughout the exposures using a Hewlett Packard SONOS 1000 Echo-Imaging System.  The VGE are graded by the Spencer Scale and used as an indication of relative severity of exposure.  This method also detects arterial gas emboli, since both ventricles are observed, and can allow visualization of gas emboli in other areas of the vasculature.  The experiments are terminated with the completion of the 3 hour exposure to 3.5 psia or the occurrence of signs or symptoms of  DCS.  
CURRENT STATUS

Partial funding (NRA 96-HEDS-04 and 96-HEDS-05) was received in July 1998 and experimental exposures of human subjects initiated the same month.  The research protocol had previously been approved by the AFRL institutional review board and the USAF Surgeon General’s Office. Modifications to the hypobaric chamber and exercise equipment were accomplished to allow the simulation of microgravity.  Subject recruitment was initiated and 17 subject-exposures were completed in FY98.  The study is on schedule, and it is expected that the 120 subject-exposures will be completed within the 3-year funding timeframe.

FUTURE PLANS

No attempt will be made in this study to define an operational preoxygenation schedule, nor to determine an operationally acceptable level of DCS risk.  The data obtained from this study will provide a crucial starting point, from which future experiments can be designed to determine an operationally specific preoxygenation schedule for a 3.5 psia pressure suit using staged decompression with 100% Oxygen or ARGOX.

