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Mechanical action is necessary to significantly reduce the pressure required to form a gas microbubble.  It is well known, for example, that the threshold for acoustic cavitation is considerably reduced by changing from a static to a dynamic fluid.  Bubble dynamics and cavitation inception have been the focus of extensive research for more than a century, starting with the early work of Besant (1859) and Lord Rayleigh (1917).  In recent years, the phenomenon has been extensively studied for its applications to hydraulics, usually its association with deleterious effects such as performance deterioration, erosion, bioeffects around artificial heart valves, and noise generation.  On the positive side are effects associated with sound generation, drilling, cutting, cleaning, enhancement of mixing, and emulsification. 


We imagine that, in the case of decompression, a free gas phase grows from micronuclei already present, having grown from “embryos” which were strategically or fortuitously in  low pressure volume
.  The “embryos” are generated by random statistical fluctuations of water molecules to produce microdensity variations or cavities.  Unlike the traditional cavitation number of engineering, the cavities are already present when the free gas phase begins to form, and this is always below the vapor pressure of the liquid.  However, the microbubbles that form are supposed stabilized for only a short period of time, and they will redissolve in a few hours if supersaturation does not exist in their microenvironment.  Supersaturation would occur if decompression occurred.  In that case, microbubbles that were above a certain critical radius would grow by an inward flux of dissolved gas.  The radius rc  for growth is governed by pressures such that

Ptissue gas   = Pinert gas + Pmetabolic gases (  2(/ro.

All gas bubbles below a radius rc which produces  an increased internal pressure from surface tension effects will decrease in size during supersaturation.  They will not appreciably contribute to the pathophysiological problems of joint-pain DCS.  However, they will decrease in radius at a slower rate when under supersaturation and, for a time, they would be considered to function as additional space filling lesions along with the larger radii bubbles that grow in volume.  
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Earlier work by Henry (1946) illustrated that the type of work mattered less than the quantity of work.  That is, whether the activity was conducted at a fast or slow rate was less of a factor than the total amount of work.  These two ideas were identified as the “stress theory” and the “work theory.”  It would be of value to have this work repeated with several exercises appropriate to EVA activities.  In the figure we see that it was not relevant to the occurrence of DCS as to whether the arm curls were performed slowly, with a jerky motion, or in a simple isometrical fashion.


The formation of nuclei in tissues does not appear to be uniform from one type to another.  Adipose tissue forms nuclei less easily than does muscle tissue, for example.

C.  OTHER CAUSES FOR IN VIVO  FORMATION OF TISSUE MICROBUBBLES

The formation of  critical microbubble intermediates in vivo may not rest solely with the mechanisms of viscous adhesion or microturbulence.  

· As with the production of micronuclei during the “cracking” of joints, a part of the regeneration mechanism is attributed to the slow flow and return of viscous synovial fluid into the joint capsule (Unsworth et al., 1971).  When this occurred joint surfaces were not approximated sufficiently closely to produce adequate negative pressure.  It could thus be imagined that rest, rather than allowing time for the dissolution of tissue micronuclei, simply provides time for fluid shifts to position surfaces further apart or for viscoelastic elements of  tissues (e.g., tendons and ligaments) to relax;

· It may be that there is a shift of surfactant species on the bubble interface such that the surface tension increases, making the microbubble harder to expand;

· Hydrophobic surfaces might be exposed by activity and make gas phase separation more energetically favorable.

III.
RELATED RESEARCH BY THE PRINCIPAL INVESTIGATORS
A.
Project Argo I

The ARGO I  (bed-rest hypokinesia) study consisted of three  days of reduced activity of the postural muscles followed by a hypobaric decompression on the 4th day.  The bed-rest group “crossed over” and remained ambulatory for at least 2 weeks. The subjects were randomly assigned either to Group A (bed rest; hypokinetic and adynamic and experienced cephalic fluid shifts) or Group B (ambulatory controls; normokinetic and normodynamic individuals with normal  daily  activities). 


Four days later, one bed-rested subject at a time was exposed to a reduced pressure of 6.5 psi (TR[t1/2 = 360] = 1.78) for three  hours in a hypobaric chamber by direct decompression (no prebreathe period).  These bed-rested subjects did not walk but were transported into the chamber via a stretcher.  An ambulatory subject also participated in each hypobaric chamber run.  All subjects breathed 100% oxygen while performing simulated EVA exercises (upper body) for a period of three  hours. The upper body exercise was of the type employed in NASA/JSC hypobaric studies
.  The ARGO I Doppler ultrasound bubble detection data were analyzed with the time-intensity [integration] method (Powell, 1991).  The results demonstrated a considerable reduction in the number of detected circulating microbubbles (CMB) in the bed-rested subjects compared to ambulatory ones.  In all twenty-paired exposures, individuals under simulated microgravity condition (bed rest) produced a smaller Doppler-detectable gas phase (in some cases, a Grade 0) than when they where active and ambulatory. This reduction is compatible with the hypothesis of a reduction in stress-assisted nucleation, although it does not prove it.  For detailed description see Appendix II.

It is postulated that the primary reason for the mitigation of the signs and symptoms of DCS, both during bed rest, and in microgravity, is the reduction in the concentration of tissue gas micronuclei, the agents responsible for the loss of supersaturation. These will modify both the volume of gas produced at the tissue level during decompression and the number of moles of gas lost from a microregion during decompression. 

B. Project Argo II


Based on the short lifetimes (several hours) of gas bubbles as calculated by the Fox and Hertzfeld model (see Appendix I), another test series was planned to study gas phase growth when the subjects were chair-rested for 6 hours before decompression. This modification was investigated in ARGO II.  Here the individuals were placed in the adynamic mode by sitting semirecumbent in a chair for 6 hours.  The last four hours were used for oxygen prebreathe either with the subjects exercising in both the upper and lower extremities or completely resting.  All subjects breathed 100% oxygen while performing simulated EVA exercises (upper body) for a period of three  hours.  Depressurization was to 4.3 psi (30,000 ft) for three  hours, and the Tissue Ratio was 1.65.  The average “gas volume” derived from the combined data of each subject as a function of time demonstrate that the unloaded condition produced a reduction in both free gas formation and joint pain DCS.  For detailed description of the study and results please see Appendix II.

C.
Effective Micronuclei Lifetimes

We have attempted to make a determination of the “effective” lifetimes of tissue micronuclei.  These studies were performed at the hypobaric chamber at Hermann Hospital. Subjects exercised with a set of deep knee flexes at the rate of 15 flexes per 30 seconds with a 30-seconds rest period.  This was repeated 10 times for a total of 150 flexes.  The subjects then sat resting for either 120, 60, or 0 minutes. and then were depressurized to an altitude of 6.21 psi (22,000 ft) in a hypobaric chamber.  They remained seated for the 2 hours while in the chamber.  Every 15 minutes. the subjects were monitored for gas bubbles in the pulmonary artery by the conventional Doppler ultrasound techniques.


This method can give an estimate of the lifetimes of tissue bubbles as assayed by decompression bubble formation.  This yields the lifetime as it is related to decompression and DCS, since only nuclei of a sufficient diameter will be able to grow to a volume sufficient for sustained growth and Doppler detection of the gas phase which escapes from the capillary beds. Thus 

(Doppler Bubbles = f (mstable)

The micronuclei must be above a certain radius such the internal pressure, following depress, is greater than the surface tension.  This tissue gas micronuclei  with a smaller radius will not grow, and they would not be detected. They must exceed the critical radius minimum so that the internal, Laplace pressure is greater than the supersaturation partial pressure. Thus, this method gives the “effective”  lifetimes which are dependent on the particular pressure change ratios (tissue inert gas tension at start of depress/pressure at altitude). The bubble halftimes for dissolution in our subjects were calculated to be  approximately sixty minutes for this final altitude.  The adynamic period in this initial experiment was too short since the seated period was only two half-times in length, insufficient for all of the micronuclei generated by walking to the laboratory to dissolve.  This will be addressed in the work  of another proposal. 

The chemical potential of dissolved gas following a depressurization must be such that the initial microbubble radius Rcritical is larger than a size given by

Rcritical =  2 /(Pf - Pi)




where g is the surface tension and  Pf  is the final pressure and PI the initial pressure.  A microbubble of the requisite size is not stable in an undersaturated solution and with a positive value of the surface tension.  Our model proposes that the musculoskeletal activity converts a temporally stable micronucleus into an unstable microbubble.  This experiment gives some general measure of the lifetime of these microbubbles, at least those responsible for Doppler-detectable gas bubbles which eventually are found in the circulatory system.  


We postulate that micronuclei are converted into microbubbles at some locus in a circulatory channel (so that they can later be detected by Doppler ultrasound) during the surface, predepressurization exercise phase.  These will have a size and number distribution,  and the portion of these that are larger than Rcritical will grow during the depressurization phase.  We can view the process where a few microbubbles with a distribution of radii larger than Rcritical given by (ri/ro)-( shrink in size and their number is decreased with time.  An initial number Mo will be formed by the exercise regimen and the concentration will depend on the intensity of the activity


mo  = M o (ri/ro)-( 





where Mo is the initial number of micronuclei available for conversion into microbubbles whose radii  are greater than Rcritical immediately following exercise.  The actual value of mo (and () is dependent on the intensity of the exercise.  In this study, the exercise was kept constant from trial to trial and subject to subject.


The micronuclei mo are hypothesized to decay in time into two different products. The first mstable are stable nuclei of the type proposed by Yount and are resistant to solution by virtue of the shell which opposes the collapsing Laplace pressure.  The second munstable are unstable, or not capable of being enlarged by inward diffusion, and quickly are lost.  Thus we have parallel reactions of the type







k1
mstable 
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The concentrations for the various components as a function of time in this model are given by

[m0] 
   = [mo] exp [-(k1 + k2) (] 





[mstable]   = [[mo] k1/(k1 + k2)] {1 - exp [-(k1 + k2) (] }

[munstable] = [[mo] k2/(k1 + k2)] {1 - exp [-(k1 + k2) (] }

Additionally, [munstable]  will decay (dissolve) with the addition of  e -k3t at the end of the final equation.  This is shown in the figure.
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� Traditional engineering approaches place the cavitation threshold   in the range of the vapor pressure of the liquid pv in a liquid whose pressure is p∞  and density   moving at velocity V∞ according to the formula 


  =       p∞ -  pv          


                  [1/2]  V∞2





(often called the Euler equation and   the “cavitation number”).  





� Exercises included crank turning, torque wrenches, and rope pulls, and they were performed In the chamber by both test groups.  The metabolic levels, measured In laboratory trials at a separate time, were in the range of 175 kcal/hr for the ambulatory individuals and 150 kcal/hr for bed-rested individuals.  This was in addition to the normal maneuvers utilized to release gas bubbles spawned in the microcirculatory system during Doppler monitoring.  Monitoring for tissue gas phase formation was performed with the standard precordial Doppler ultrasound techniques (Powell at al., 1982) employed at NASA/JSC in previous hypobaric trials (Conkin et al., 1987).  The detection instrument was a MedaSonics Transpect operated with a 2 MHz. transducer.  The data collected from the Doppler monitoring were analyzed pair-wise by the method of integration of Doppler signal intensity vs. time (time/intensity Doppler 'gas volume'; Powell, 1991).  Additionally, we noted the presence or absence of decompression sickness in the subjects.
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