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= Logistic regression was used to quantitatively relate the TBDM Bubble Growth Index (BGl)toa % = In the event that an EVA lasts longer than planned, variable pressure suits allow an in-suit
DCS risk based on existing altitude DCS data. The Logistics Regression was performed using DCS intermittent recompression back to 6.0 PSI without ingressing the LER. Supplemental suit purge
and VGE data from NASA Bends Tests 1-7 (n=345, 57 DCS cases, 16.5% DCS, 41.4% VGE). All data (increased suit O, %) could also be performed.
Included prebreathe staged decompressions, all with exercise at altitude and included data points at
10.2, 6.0, and 4.3 PSI.

INTRODUCTION

= NASA's plans for lunar surface exploration include small pressurized rovers (“Lunar Electric
Rovers”) at 8.0 PSIA, 32% O,, 68% N, with suit ports that enable rapid ingress and egress with
minimal gas losses. This capability enables crewmembers to perform multiple short extravehicular

= At 80% O,, 4.3 PSIA crewmembers will be hyperoxic. In the event of a suit leak, the Secondary

activities (EVAs) at different locations in a single day versus a single 8-hr EVA. Development and | o o Oxygen Pack (SOP) will maintain the suit at ~3.6 PSI, making crew only mildly hypoxic (2.9 PSI
validation of a prebreathe protocol that reduces the risk of decompression sickness (DCS) risk to * BGI provided significant prediction of DCS and VGE data (p < 0.01) ppO,) but still maintaining a higher ppO, than the nominal cabin environment (2.4-2.6 PSI ppO.,).
W|tr_1|n acceptable levels while preserving rapid egress capability is an essential component of the = Hosmer-Lemeshow Goodness-of-Fit statistic: P=.35 for_ DCS, p=.55 for VQE, |nd|cat|n_g a good fit _ An abbreviated purge decreases the N, off-gassing gradient because suit O, reaches only 80%
entire LER concept. of the data (for Hosmer-Lemeshow statistic, p > .05 rejects the hypothesis that there Is a compared with 95% O, achieved during an 8 minute purge (Fig. 3) However, the benefit of 95% O
= Modeling work (1,2) and empirical human (3) and animal (4) data indicate that these intermittent significant difference between the model predictions and the observed data). P > M2 J U9 J- ), ’ P2

recompressions between EVA suit pressure (4.3 PSIA) and cabin pressure (8 PSIA) reduce vs. 80% O, for denitrogenation is reduced when initial saturation pressure is 8.0 PSI (LER) vs. 14.7

decompression stress. PSI (ISS) as there Is a smaller change in off-gassing gradient (Fig. 4).
and unproductive crew time. A 2-min purge to ~80% O, addresses these issues but may increase 90 ks
DCS risk. 80 5= 2
= An analysis using the Tissue Bubble Dynamics Model (5) was conducted to determine whether the ~ Part I: Comparison of 15 minute 80% O, 6.0 PSI prebreathe with 40 minute 95% O, 70 2g
Increase In decompression stress resulting from an abbreviated suit purge would be offset by the 10.2 PSI Prebreathe ;E 60 - g»% 1.5
decrease in decompression stress offered by intermittent recompression. o 07 22
. . . . 3 40 S O 1
= 5- and 10-min Tissues (brain and spinal cord): T =%
- . . ’ . . floodable volume @ 8 PSI v
= Avalidated Tissue Bubble Dynamics Model (TBDM) was used to predict DCS risk using 80% and 4%”:%3-';58[161(”]2? Of. botdy s@l)ngéto /geg,). 12 L § 0 - | |
95% O, breathing mixtures during three 2-hr EVAs (4.3 PSIA) separated by 1-hr recompressions to ' arter ~U minutes SC | | s 4 s e e e . o .
cabin pressure (for driving between EVA sites) versus a single 8-hr EVA. — 4.37 PSl aiter 15 minutes @ 80% O, (incl. 2min purge and 1 min depress) o _— S
= Part I: Experience from altitude DCS suggests that some degree of enriched O, prebreathing is | | - | it Purge Time {mins) s
neces_sary to reduce the risk of central neurological DCS. The ObjeCti_Ve_S of Part | of the an_alys_is " Fifteen minutes at 80% 02’ 6.0 PSIA, before a 4.3 PSIA EVA prevents supersaturatlon In the brain and Fig. 3. Suit 0, concentration as a function of suit purge time. Fig. 4. Decreasing benefit of 95% vs. 80% O, prebreathe on initial N,
were 1) to ensure that the proposed LER prebreathe protocol would eliminate super-saturation in spinal cord (5- and 10-min half-time compartments) and reduces tissue tensions in fast half-time off-gassing gradient as a function of decreasing saturation pressure.
the neurol_oglcal tissues (_bram anc_i spinal cord, half-times approx. 5 ‘_1(_) minutes), and i) to | compartments (< 40-min), where the majority of whole-body Nitrogen is located, to approximately the = The TBDM predictions are based on the assumption that the volume of gas in the bubble is small
Icom{oa(ljre t'.fﬁue tent3|glr_1$h|n dsgg Tt:nUtte coanpar’ltjmentths, whetre t?.e mar{_orrl]ty of[\)/vggle-bodyhnltrogben 'S levels (4.37 vs. 4.00 PSIA) achieved during a standard Shuttle/ISS staged prebreathe protocol. compared to the volume of gas in surrounding tissue. This assumption is supported by experimental
rcé%%rete(’jw' an establishe Uttie staged prebreatne protocot in which no Cases have been evidence from human (3) and animal (4) decompression trials. If tissues were profusely nucleated,
PO ocal 15-rmintte 800 0, 20% N, @ 6.0 PSIA, Sat @ 8.0 PSI, 32% O, 68%N, Part Il: Comparison of DCS Risk for 80% O, with Intermittent Recompression vs. 95% resulting in many small bubbles, then tissue tensions would reduce as the bubbles grow, with the
= Shuttle Protocol: 40-minute 95% O,, 5% N, @ 10.2 PSIA, Sat @ 10.2 PSI, 26.5% O,, O, Continuous EVA effect of decreasing off-gassmg_grqdmnt_s. In thlS_ Case, th_e larger quantity of gas in the_nur_nerous
73.5%N, 0 | small bubbles would simply redistribute into the tissue during the recompression, resulting in an
= Part Il: The objective of Part Il was to use the Tissue Bubble Dynamics Model (TBDM) (5) to = 80% O, vs. 95% O, during an ,c | 15% DCS Risk equivalent decompression penalty and no decompression benefit. However, the empirical data
estimate DCS Risk under the following scenarios: = 8-hr continuous VA @ | [~~~ - = detailed in Figures 5-6 suggest that this is not the case.
* Purge cases: increased DCS Risk by 2.2% 10 | 100 20 |
. : : _ 90 X -
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» The following assumptions were made: 95% O, 0 . ‘\ 95% 02, 8hr EVA 0 \ 0 | | | | \ \
. - I 0 50 100 150 200 250 300 350 400
¢ CreW begln Saturated at 8 PSI’ 32% 02 / 68% N2 TS 3x2hr EVAs with 80% 02, 8hr EVA 0 CumSPative Time6fgt Altitude (?gin) 120 Time (min)
o - : : : 1hr between
Pur_ge performed at 8 PSI Flg' 2. (right) Theoretical decomprgssmn Stress > - = 80% 02, 3x2hr EVAs Fig. 5. The percentage of cumulative DCS onset incidence plotted Fig. 6. The TBDM-calculated BGI for the two altitude decompression
1 minute post-purge depress to 6.0 PSI — g’)lrj]ltai2Ifocjsroé\\n/gslns;?&ﬁ;bu(;?nrgp;gzjog o;r?ahr | vs. cumulative time at altitude for the two conditions: A (one 120-min conditions described in Figure 5. The intermittent recompressions in
° " 1J. L. Protot LER suit ports being developed by NASA. 0 0 0 -2 | | Ititud ith d-level tion), and B (f file B trol bubbl wth lting | ' BGlof 51
15 minutes prebreathe completed at 6.0 PS| T e e e oo B0 s 3G EVAG on 603 O, separaed by 1 0 S At sosu g A PRI SO AN
(EVA may begln durlng this tlme) purge and prebreathe protocols to minimize gas losses and rhl_nherm(; endrﬁcompressm_ns a:e asg SI OV\;E’ 0 1 2 3 4 > 6 / 8 9 10 ground-level intervals breathing air; no prebreathing). recompression predicted by the TBDM are consistent with the
o Depress to 4.3 PS| at 5.000 FPM after 15 mins enable rapid vehicle egress. \éVS(:/(; Or:ccl:r?teinuoicsolrzn\rlj,z\ec:saizna?\crlev?/ihiﬁ ?r\:\é © Time (hrs) From Pilmanis et al. (3) by permission. observed DCS incidence in Figure 5.

current definition of acceptable DCS risk. ‘
at 6.0 PS CONCLUSIONS

= The TBDM model provides significant prediction (p < 0.001) and goodness of fit with 430 cases of
DCS in 6437 laboratory dives (Table 1) and has been used operationally in over 25,000 dives.
Tissue Bubble Dynamics Model (TBDM) (5) N | | = The TBDM model predicts that the benefits of intermittent recompression may enable shortening of the
Bubble Growth Equation: Table 1. Astatistical analysis of 6437 laboratory dives (430 DCS suit purge time with significant crew time and consumables benefits while also reducing decompression
cases) compared predictions of the TBDM to Workman M-value and
the Hempleman PrT index. TDBM predictions (Bubble Growth Index) stress.

= Variable pressure suits combined with the abllity to perform multiple shorter EVAs may enable
prebreathe protocols that save several tons of gas and hundreds of hours of crew time over the
duration of the next lunar program

= Further research is needed to characterize and optimize intermittent recompression and Nitrox
breathing mixtures across the range of environments and operational conditions in which
- oD P,—vt+ 2ri+inr3 M — Proiat — Pretabolic | 3 yielded best log-Likelihood and Hosmer-Lemeshow Goodness-of-Fit astronauts will live and work durmg future lunar exploratlon

‘Z_T - Y & T Test (Table 1). —The model indicates that intermittent recompressions reduce decompression stress by limiting the = Laboratory validation trials should precede operational implementation
P.-vt+ —+—-nr’M
3

a 3 Data Set: In-Water ey o Test for bubble growth time and size, resulting in a higher bubble to tissue diffusion gradient due to the
Decompression on Air Goodness of Fit : 1
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