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Wand TechnolOgicaI Challenges of EVA

 Decompression (denitrogenation required
to work in low pressure suit (4.3 psi))

’ ’. : ﬁ‘-"?'; ,-’_ . ;
‘ometeoroids and Orbital Debris
« Suit Trauma

. Mobility/Dexterity: current pressurized
suits reduce mobility and dexterity

. Visibility
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Percentage of All DCS vs. Diving Methods
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From DAN, 2005

» Character of Altitude DCS Different from Diving DCS
» Undersaturated Neurological Tissues

» “Softer Bubbles” Metabolic Gases

Diving in Space | National Aeronautics and Space Administration | Mike Gernhardt




e

P4

Nitrogen Elimination during Oxygen Prebreathe
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| Nitrogen N2 elimination in 5and 10 minute half-

_(Enl1i|r;1ination time compartmen (~brain and spinal
cord)

60 _ 90 120 150 180
Time (min 40
Time ( minutes)

- Over 50% of nitrogen eliminated in first 30J_r’hfir'hute3
- Brain, spinal cord Halftime ~ 5-10 minutes, muscle and skin halftimes
- 15-25 minutes at resting conditions
- Resting prebreathe reaches point of diminishing return for reducing pain
only DCS
- Type Il DCS incidence higher on “Zero Prebreathe”

Gerth, W.A., R.D. Vann, N.E. Leatherman, and M.D. Feezor. 1987. Effects of microgravity on tissue perfusion and the
efficacy of astronaut denitrogenation for EVA. Aviat. Space Environ. Med. 58(9, Suppl.): A100-105
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SRUtHEPPForeathe Ground Studies

Data on DOCS and VGE incidence from 49 tests with n=925

: mixed exposure times
Data on Grade 3 DCS incidence from 42 tests with n=689

Two Pre-breathe
protocols approved
AL TRe4,65 for flight operation

YGE=59.3%
DC5=23. 4%
Grade 3 DCS=4.7X

e 4 hour in-suit
At TRet. 40 ; resting oxygen pre-
ol 1 . breathe

Grede 3 DCS=1.1X
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Number of

Evas  © Time at 10.2 psi prior to
shuttle EVA
EH -

16-20 20-24 24-144
Time (hours)

Theoretical Tissue Bubble
growth as a function of
10.2 exposure time

Bubble Growth Index
480 min Tissue

EVA Time (min)
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ISS Overnight Enabling Counter
Campout Measure Research

(NASATRL 3/4) e =

At TR = 1.65
VGE =59.3%

DCS =23.4% e [ 20/26 [77%) *Arm & leg work at

Grade 3 Des =4.7% | 1 75% VO, ax With
seated subjects

At TR = 140

VGE =31.2%

DCS =4.5% . ;
Grade 3DCS =4.7% // / . - F 11/26 {42%)

p=0.03

®
3}
o
>
-]
8
w)
Q
a
e
P
]
5}
2
S
=

Rest 0:10 Heavy Work*
1:00 O, Prebreathe

12 . . , 5 . P " USAF prebreathe exercise
360-minute tissue ratio \ .
80 -
Shuttle Prebreathe Ground Limitations
Trials (~ 25% DCS, ~ 5% . Z
symptoms that would *Timeline, back'to il
terminate an EVA.) Acceptable back EVAs, a5 1

5 -02 usage, ISS 02 2
- 4 hour prebreathe concentration ;

- 10.2 psi staged protocol screw isolation and Ambulatory Non-Amb.

; : comfort
-'146 EVAs exposures with no Duke, NASA micro-gravity

reports of DCS simulation (non ambulation)

60 4 Arms (NS)
M| egs (p=0.0008)
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Air Force Research Laboratory
Brooks AFB, Texas

Dual-Cycle Ergometer used for Exercise-
Enhanced Prebreathe

10 minutes 75% V02peak, 88% lower

body,

12% upper body

Diving in Space

Exercise-Enhanced Preoxygenation Increases
Protection From Decompression Sickness
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CrsTove L

HEars, BS, MA_ and ANDREw A Pradasas,

MS, PhD.

e P i rtiition e
e Aviat Spoere Daviews Med 170 47413~ 00
Enbrinaciio: Porpniaon of dedomprensn wibres 00U Saring ae-
P S SRt Sureaits of 30,000 B (140 S ridrin rbers
e proparsiaon ke e Peeheculee sy Tv'AL preweey
IRALA pelicy o by dedtrogeras uang & 10 2 pals itged Scompresson
unmmu-h— 17 b, il 103 mn of preceyges.
OO guygen a0 147 prea preor w0 decompersond,
hﬁvhmwhllmmml! A4 P U s
Wi el e i i-u.---l-n-p-u-ﬂ-m
IDCS 35 8 3 5 or b prederyeitaon wibd of daclnr Sumle YA’ For
alhibaly reorramarce flaghiy of shralar cockpll slishades, 5 14
i A Curitily recpaned. Mdethod: Wy bavy st ipsied
o v of 1 1 el 8 1 B precarygenaten period, rech begineny
w10 min of dusl-ychs svpoemetry porimed 8 TE% of sach ey
Pal covgen CormTETae (V0 gl B SRR [RRa R B

St o D03 lofimmingg B |- frocaryponation wth remon 14 5% &
= 1) s pgrfearrty b i thal Reflom g o 1 sling oy
Wiﬂ'lln'l.l-' 200 Wecadencd pnd omi ol DCS Rolowing the 15

e peecygenution with Fuprcie el n o= 0w mon sty
l-llmlunﬁ s e leflimaing. thar |- svaling ciriiel Cancle

e Frecyprranon wilh EubrCnd bl b thiss 10 provide Lt
lﬂ]wﬂ“im-ﬂ(wﬂ-n“b‘m

EJQ’QSUIETDTI'EE ALTITUDE equavalent of 30,000
ft (43 psia; 9144 m) during extravehiodar sctivity
(EVA) or high altitude reconraissance fight involves 3
Iﬁlﬂdﬂwrmwn sckness (DCS) (1821, Formation
ﬁéh‘lh gas emnboli are believed to have a ceniral
role in the clinical manifestations of DCS. Venous gai
mmﬂm;ﬂmﬂmmdmh
Eistie superaturation with nitrogen following decosm-
pression froem ground level
Bon i the of
mmw»,m"“‘“w wih & lomer
pressure of nitrogen than contained in the body fusds
ard taues. Denstrogenation meduces the potential for
ared sulvs i g emnbols foe-
mﬂmdum;ﬂudemprmmlmmu\g 1008 ony-
m o deoomnpression (precaygenaton of pre-
] s & comanon wrethod of denitrogenating 1o
reduce the risk of DCS (260 Imnprovernent in denitrogen-

618

athon ef wignald have &y ation (1 both the space
mm-mm .m
Dnli' tion before extravehicular activity (EWAD
‘A from the Space Shuttle's 147 psda environ-
nn::lﬁﬂmh‘;hﬂam;dd ion s the
E:%n pcnkw:\‘lon A e 1:-1:':5“1::
COMpars! &
preovygenabion al lq‘-?p-.u.b The decompression
procedure begins with 1 h of preoxygenation at 147
piia, followed b of the entire Shuttle
bo 102 pais for at beast 12 b while the arew brvathes
6% Mm (137 men Mg POy: equivalent 1o bresthing
atmospheric air af sbout 4200 f 1280 m), and then an
sdditiona] $0-min pericd of breathing 100% ovygen st
10.2 psia before decompression bo 4 . The staged

d«mF;me revalts dn & M0-min ¢ al Hasue
FL 1 of nitrogem (Final Tissue of Absobabe Ame
bient Pressure) that is close to the TR resulting from s d-
h preouypenation (170 v 160 81, Howeever, the staged
mathed alio fowults in engineening problems such as
reduced Enstrument cooling npﬂil‘r due 1o lower adr
denaity. Time-elficient preonygenation  bechalgoe
allowang decompreidion ditectly from 14.7-43 paia
hrhij.e pn‘_nndu‘ Ema tuuq:.ulble to staged de-

F‘mryxﬂurm bore Juﬁ ltnru.ﬂ- Hight: A 1-h preoxy-
Elm. anulnd prior o most high-alitude
h!‘w-nmdl high alnrede Feoonnamssnoe om-
mnaty (taoth sctive and retired) have reveaked that over
8% had expernced DCS and that 4.2% of the fights
involved wymptoma eany with mmhpcm-dwm
B An pmproverment in the precxygenation prosedors
maldumuploluiﬂylndmlumwpmw#
ChenCy A P POl v,

" From KRUG Libe Sonins b ] T Webb, M. D Facher, snd © L
Haangal und High Alnhade Protction Kesnarch, Armstrosg
A A Pimesl ALSCFTS B Cllagham Dvow, Suits 5, Beocks
AFE, T

Thii ST = i recwieed for prviers o Aped 19 3w Prvied
—wwmw1mmuummma

AaM-ﬂlwn-qmml’.u-iT Webd, D 1818 O
Ok, fan Arsorsn, TO FICTT
Mﬁtmuhlﬂh Arrmpace Madeal Assaiatos, Al
S VA

Arares. Snacy. sl Eatetmesial Mrdvo o+ Vol 67 Ke T - oy 199

National Aeronautics and Space Administration | Mike Gernhardt




fReduction Program

Prebreathe Reduction
Laboratory Studies
-5 Year Operational
Research Plan

Acceptable

Integrated Decompression
Stress Predictive Model

« Start by defining

~acceptable DCS risk:
for ISS mission and
developing
accept/r,ejeeutmlts
{o]¢ ceuntermeasure
trials

. =

2 Hr.

DIOSYS M Prebreathe

Definition

Protocol

. /Eaﬂi/ development

Phase 1 V
Phase 2
Phase 3V
Phase 4 V

1.5 Hr.
Insuit
Prebreathe

Relationship
between
Micro-g sim. and|
exercise

Break in
Prebreathe
Studies

- focused on
~~ delivering

acceptable/effective
*  counter measure

Supporting
Studies

Phase 5.1 **
Phase 5.2
Phase 5.3

Phase 5.4

Brooks
Studies *

adynamia
Cross over
study

JSC
Phase A **

EVA exercise
simulations

Phase 6.1
Phase 6.XX

- Lactate measurements
- Oxygen Consumption *
- Cardiac Output

- Blood flow

- Nitrogen Elimination

| Later development

focused on
increased efficiency
and improved
scientific
understanding of
counter measure
mechanisms

Accept: DCS < 15% and Grade IV VGE < 20% , @ 95%

C.

Reject: DCS > 15% or Grade IV VGE > 20%

C.
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2hr oxygen pr'ebréathe

‘Exercise 10 mins @ 75% VO02peak //@k o-gravit
And/or light exercise (160-253 Kcal/hr) S _.‘%gg«pﬂn:am-bﬁlation)

F I
rg

- Simulated EVA exposure at st stitSimulatortior
4.3 psi4hrs EVA Exercise
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FTrials

- Phase |
4 hr

Phase Il EVA

Phase Il SImu-

lation

Phase IV

: z/ﬁ ‘(gt’ |
PRP Phase I-IV 2 hr oxygen prebreathe exercis

High intensity exercise
(75% peak oxygen
consumption [VO,

peak])

Low intensity activity
(5.8 mL-kgt:min- VO,)

Neither High or low
intensity exercise was
acceptanie

Coupling High with. DCS and Grade IV VGE observations (shown with 95%
low intensity exercise upper confidence limit bars dashed lines indicating accept
was accentahla levels for DCS and VGE incidences)
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' Inert Gas Klnetlcs

fPlN’Z PO+(1 exp —klt) * (Pa - PO)

= [(1 [ exp (-A * mL*kg- 1*m|n -1)) / 5109. 37]

Model Predictions vs Actual
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120 150
30 60 90 Hosmer-Lemshow Goodness of fit statistic = 2.188 with 5 degrees of
Phase Il time line (min) freedom, p = 0.82 ( significance > .05)
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“EXeIcISEBMELreathe Protocol: Experience to Date

7T
T

oA Overview- The exercise prebreathe protocol has been used successfully on
34 EVAs from the International Space Station (ISS)- no DCS
* Five Shuttle assembly flights and two increment EVAs
« Starting in July 2001
» These assembly missions would have been difficult or impossible to
execute as base-lined, without the protocol
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¥ge of I\/Iovmg Past Apollo

Apo}:lefwas a remarkable human achievement

g “d L 2x speed
.+ Fewer than 20 EVAS maximum of three per
mission

Constellation Program, up to 2000 EVAs over
the 10 year Lunar program

Limited mobility, dexterity, center of gravity
and other features of the suit required
significant crew compensation to accomplish
the objectives. It would not be feasible to
perform the constellation EVAs using Apollo
vintage designs

The vision is to develop an EVA system thatis ¢
low overhead and results in close to (or better /A
than) one g shirt sleeve performancei.e.* A: = =
suit that is a pleasure to work in, one that you =
would want to go out and explore In on your —
day off”

Lunar EVA will be very different from earth
orbit EVA — a significant change in.design and
operational philosophies will be required to
optimize suited human performance in lunar
gravity
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s@le# Tor £VVA on the Moon

Deaf’n Wlth risk and consequences of a significant Solar Particle Event
_,‘,/,‘( ’E)’ e .
“~+ + Long duration missions with three 8hr EVAs per person per week
— Apollo suits were used no more than 3 times |
— Individual crewmembers might perform up to 76 EVAs in a 6-month mission
— Suit-induced trauma currently occurs with even minimal EVA time

With Apollo style un-pressurized rover (UPR), exploration range |s lir
EVA sortie time and 10 km walkback constraint

— Science community input that optimal scientific return within this ran
accomplished within ~ 30 days of EVA

missions

- Increased Decompression Sickness (DCS) risk e nd p ‘":e'?' reqmrements
associated with 8 psi 32% O, cabln pressure ver sus A oflgzvfth 5 psi 100%
OZ / {‘; '-’,' F

d"”(/

The high frequency EVA associated with the: p/rOj',ected Iunar archltectures
will requwe significant increases in EVA wofrkfefflmency (EVA prep time/EVA
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EVA Hours

“The Wall”
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EVA Hours
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“The Mountain

Available Lunar EVA Hours
(LAT-2 Option 2) — based on

Three 8 hour EVAs per week
using Unpressurized Rovers
- Need to extend range well
beyond 10 km
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Cu;rrent plans for lunar surface
~ exploration include Small
Pressurized Rovers (SPRs) that
are quickly ingressed and
egressed with minimal loss of
consumables

« This capability enables crew
members to perform multiple
short extravehicular activities
(EVAs) at different locations in a

Recompression

i i Cabin _, g
single day versus a single 8-hr Pressure
.
SAV/AN
’:?67
&5
i Ir rk n Suit _>§ S v |
Previous modeling work and pressure ~ § 41 EVA =

empirical human and animal data
Indicate that the intermittent
recompressions may reduce

decompression stress

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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BblgDynamics Model (TBDM)- Provides Significant
gend Fit of Diving and Altitude DCS Data

% D%tfwompressmn stress index based on tissue bubble
th dynamics (Gernhardt, 1991)
« Diving: n=6437 laboratory (430 DCS cases)
— Logistic Regression Analysis: p <0.01
— Hosmer-Lemeshow Goodness of Fit =0.77
 Altitude: n=345 (57 DCS, 143 VGE)
— Logistic Regression Analysis (DCS): p <0.01
— Logistic Regression Analysis (VGE): p <0.01
— Hosmer-Lemeshow Goodness of Fit (DCS): p =0.35
— Hosmer-Lemeshow Goodness of Fit (VGE): p = 0.55

aD
dR _ h(r.t)

dt P —vt+ 4—q’}+§1'rr3M
a 3r 3

{Pa—vt+ i—T+%WI3M—P

Total ~ T metabolic

t = Time (sec)

a = Gas Solubility ((mL gas)/(mL tissue))

D = Diffusion Coefficient (cm?/sec)

h(r,t) = Bubble Film Thickness (cm)

P, = Initial Ambient Pressure (dyne/cm?)

v = Ascent/Descent Rate (dyne/cm?-cm?3)

g = Surface Tension (dyne/cm)

M = Tissue Modulus of Deformability (dyne/cm?2-cmS3)
P+ = Total Inert Gas Tissue Tension (dyne/cm?)

P retanoiic = Total Metabolic Gas Tissue Tension
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Recompression - Background

f % mtgrmlttent recompression during saturation decompression was previously proposed as a
;’" method for decreasing decompression stress and time (Gernhardt, 1988)

— Gas bubbles respond to changes in hydrostatic pressure on a time scale much faster_ =
than the tissues Z -’_’;_; =

» Intermittent recompression (IR) has been shown to decrease decompressmn,stres’sftn
humans and animals (Pilmanis et al. 2002, Mgllerlgkken et al. 2007) S s

Without Intermittent With Intermittent
Recompression Recompression

125 150 175 200 225 250 275 300 325 -1251501?520022525}27")“325
time({min) after start of the experiment time(min) after start of the experiment

Fig. 10. Two groups of six pigs were compressed to 121 FSW with 90 minutes bottom time and were then decompressed following one of two
decompression procedures; either with a §-min 12 FSW recompression at the end of the three last decompression stops (experimental group), or
without such recompression (control group). The control profile was a USN profile for this exposure, where the stop times were reduced by 50% as
pilot studies showed that the standard USN profile produced very few bubbles. The average number of venous gas bubbles measured in the
pulmonary artery during the decompression is shown for the control group (A) and the experimental group (B). The results indicate significantly
fewer bubbles in the experimental group than in the control group (p=<.0001). From Mellerlakken et al. (5) by permission.

Gernhardt, M.L. Mathematical modeling of tissue bubble dynamics during decompression. Advances in Underwater Technology, Ocean Science and Offshore
Engineering, Volume 14: Submersible Technology. Society for Underwater Technology, 1988.

Pilmanis A.A., Webb J.T., Kannan N., Balldin U. The effect of repeated altitude exposures on the incidence of decompression sickness. Aviat Space Environ Med;
73:525-531, 2002.

Mallerlgkken A, Gutvik C, Berge VJ, Jgrgensen A, Lgset A, Brubakk AO. Recompression during decompression and effects on bubble formation in the pig. Aviat
. Space Environ Med; 78:557-560, 2007.
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% DCS Incidence
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Pilmanis A.A., Webb J.T., Kannan N., Balldin U. The effect of repeated altitude exposures on the incidence of decompression
sickness. Aviat Space Environ Med; 73:525-531, 2002.
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0.5hr between 2hr EVAS
1hr between 2hr EVAS
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AElioh the Terminator in the Sea Space Continuum
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