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This study aimed to investigate the feasibility of determining the physiological parameters associated with the ability to

complete simulated exploration type tasks at metabolic rates which might be expected for lunar and Martian

Running V0,., and gas exchange threshold (GET) were measured in 21 volunteers. Two simulated extravehicular

activity field tests were completed in 1 G in regular athletic apparel at two intensities designed to elicit metabolic rates
of ~20.0 and ~30.0 ml- kg™" - min~", which are similar to those previously reported for ambulation in simulated

All subjects were able to complete the field test at the lunar intensity, but 28% were unable to complete the field test at

the Martian intensity (non-Finishers). During the Martian field test there were no differences in Vo, between Finishers
and non-Finishers, but the non-Finishers achieved a greater %V 0,5, compared to Finishers (78.4 *+ 4.6% vs. 64.9 * 9.6%).
Logistic regression analysis revealed fitness thresholds for a predicted probability of 0.5, at which Finishing and
non-Finishing are equally likely, and 0.75, at which an individual has a 75% chance of Finishing, to be a V0,,,,,, of
384ml-kg~'-min~'and 40.0 ml-kg~"-min~" ora GET of 20.1 ml-kg~'-min~"and 25.1 ml-kg~"- min~, respectively
(x*> = 10.2). Logistic regression analysis also revealed that the expected %V 0,,,,,, required to complete a field test could

The results of the present investigation highlight the potential utility of Vo,,,,, particularly as it relates to the metabolic

demands of a surface ambulation, in defining successful completion of planetary-based exploration field tests.
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he spaceflight environment elicits a cascade of physio-

logical adaptations that, while unproblematic for life in

microgravity, creates a problematic state of “spaceflight
deconditioning” which manifests upon return to gravity (i.e.,
Earth or other planetary destinations) and may inhibit a crew-
member’s ability to complete extravehicular activities (EVA).
As such, a concern with long-duration spaceflight is not only to
survive while in space, but to also have the capacity to endure
the physical demands created upon landing. Over the last sev-
eral decades, it has become evident that a reduction in maximal
oxygen uptake (V0,,,..) is related, in part, to the duration of
microgravity exposure."> Recently, Moore et al.'® demon-
strated that Vo, is decreased by ~15% in astronauts follow-
ing International Space Station (ISS) missions ranging from 91
to 192 d with exercise countermeasures, while Capelli et al.’
observed a ~32% decrease in Vo, .. following 90-d bed rest.

These findings highlight the potential for significant declines
in aerobic capacity with long-duration microgravity exposure.
Therefore, two prevailing questions exist. First, is the decreased
aerobic exercise capacity following microgravity a primary con-
cern for mission safety? Second, what is the minimum level of
fitness required, particularly following long-duration missions,
to complete a planetary EVA?
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PREDICTING EVA PERFORMANCE—Ade et al.

Performing an EVA in a lunar or Martian environment in a
pressurized space suit alters the metabolic demands of ambula-
tion due to changes in inertial mass, suit pressure, suit weight,
and suit kinematics. Of these, changes in suit weight appear to
elicit the greatest differences in metabolic rate across space suit
designs, with variations in suit pressure making little differ-
ence.'®> While the space suit that will be used in future lunar and
Martian missions is unknown due in part to variations in fac-
tors like suit weight, strategies for evaluating astronaut physical
readiness can be developed with the information that is cur-
rently available using a prototype NASA spacesuit. Using the
Mark III Advanced Space Suit Technology Demonstrator EVA
Suit (MKIII), Norcross et al.>! demonstrated that suited tread-
mill walking at very slow speeds (< 1 m - s~ "), which is approx-
imately the speeds expected for intra- and site-to-site EVA
transitions, can elicit a Vo, of ~17-20 and ~28-30 ml - kg ™" -
min~! for lunar and Martian gravitational environments,
respectively. Given this, intra- and site-to-site EVA transitions
in a space suit create a plausible EVA situation in which the
metabolic cost of terrestrial ambulation may require an astro-
naut to work at a very high fraction of their Vo,,,,,, which in
certain individuals may result in exhaustion and the inability to
finish an EVA. Therefore, the aim of the present study was to
investigate the feasibility of determining the physiological
parameters associated with the ability to complete simulated
exploration type tasks at metabolic rates which might be
expected for intra- and site-to-site lunar and Martian ambula-
tion based on the use of current EVA suit technology. It was
hypothesized that aerobic fitness capacity and a combination of
fitness capacity and EVA metabolic demand could be used as
part of a predictive model to determine performance during
simulated intra- and site-to-site EVA tasks. It was also hypoth-
esized that the physiological responses to simulated intra- and
site-to-site EVA tasks, particularly as they relate to Vo,
would show predictable patterns of tolerable exercise or
impending exhaustion, discriminating between Finishers and
non-Finishers of the tasks.

METHODS

Subjects

Following recruitment from advertisements in the local com-
munity, 21 healthy subjects [10 men, 11 women; 26 = 7 yr,
171 = 8.6 cm, 76.0 £ 15.7 kg (mean * SD)] completed the
experiments. All subjects were free of known cardiovascular,
pulmonary, or metabolic disease and were nonsmokers, as
determined from a medical history questionnaire. Exercise train-
ing status and fitness level were not controlled for. All subjects
gave written consent to participate in the study, which was
approved by the Institutional Review Board for Research Involv-
ing Human Subjects at Kansas State University, and conformed
to the Declaration of Helsinki. Subjects were instructed to arrive
at the laboratory rested, fully hydrated, having abstained from
vigorous activity for 24 h prior to testing, and having abstained
from alcohol or cafteine consumption for 10 h prior to testing.

Equipment
Each subject performed incremental exercise to exhaustion on
a calibrated motor-driven treadmill (Woodway Pro, Waukesha,
WI). During the incremental test breath-by-breath metabolic
and ventilatory data were continuously recorded throughout
each test (Ultima CPX, Medical Graphics Corp., St. Paul, MN)
and converted to 15-s time-binned mean values. The system
was calibrated before each test with gases of known concentra-
tion and a 3-L syringe according to manufacturer’s instructions.
Throughout each field test trial breath-by-breath gas exchange
and ventilation were measured using a portable system (Oxy-
con Mobile, CareFusion Corporation, San Diego, CA) in a sub-
set of subjects (8 men, 4 women; 29 * 8 yr, 172 = 9 cm, 82.0 =
17.0 kg). The system was calibrated before each test with gases
of known concentration. The volume turbine was calibrated
using the manufacturer’s automated flow calibration system
according to the manufacturer’s instructions.

Procedures

The protocol consisted of four visits to the laboratory with at
least 24 h between visits. First, each subject performed a graded
treadmill exercise test for the determination of Vo,,,,. and gas
exchange threshold (GET). During the second visit, subjects
completed a familiarization trial on a specially designed field
test circuit, which was not included in the data analysis. During
the following visits, in randomized order, subjects performed
two constant work rate trials on the field test circuit (described
below) at exercise intensities designed to elicit the metabolic
rates currently estimated for ambulation in lunar (1/6-g) and
Mars (3/8-g) environments in a MKIII spacesuit.”"*?

Each subject performed an incremental exercise protocol
initially consisting of 5 min walking at 2.5 km/h and a grade of
1% to simulate outside ambulation.'* The speed was then
increased to 4-6 km/h based on the subjects reported level of
fitness and progressively increased 0.5 km/h each minute until
the subject reached 95% predicted maximal heart rate. At this
point, the speed was decreased by 1.0 km/h and the grade
increased 1% every 1 min until volitional exhaustion. Subjects
were given a 20-min recovery period, followed by a constant-
speed test to evaluate attainment of Vo,,,,. during the initial
incremental test. This test consisted of a square wave transition
to the highest attained treadmill speed and grade during the
initial incremental test.** Subjects were encouraged to run to
exhaustion, which in all cases was greater than 2 min. The max-
imum 15-s mean Vo, was considered the maximum value and
VOymay Was considered valid if the highest Vo, during the
constant-speed treadmill test was less than 200 ml - min ™!
greater than the highest Vo, during the incremental test.2* All
subjects met this criterion for Vo,,,.. Pilot work in our labora-
tory revealed that a 1 km/h increment in speed increased Vo,
by ~220 ml - min~'. The Vo, corresponding to the GET was
determined as the point at which Vco, increased out of pro-
portion with respect to Vo, and an increase in V/ Vo, with no
increase in Vi/Vco,.* Heart rate was recorded at 1-min inter-
vals with a telemetric heart rate monitor (FT7, Polar Electro
Inc., Lake Success, NY).
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The field test circuit consisted of six tasks along a continuous
course with approximately 10 m between each task.” While the
actual exploration tasks requiring a high physical demand are
unknown at this time, a candidate list of tasks was created in
2009 by the NASA Human Research Program.'® Each task
within the current field test was taken directly or derived from
this list of potential physically demanding planetary explora-
tion tasks. The tasks and their order within the circuit were: 1)
ladder climb, where subjects ascended and descended a 12-ft
ladder consisting of 10 rungs; 2) agility cones, where subjects
moved forward and backward through six vertical poles spaced
6 ft apart; 3) stair climb, where subjects ascended and descended
a4.5-m set of stairs, where each step had a rise of 25 cm; 4) lat-
eral climb, where subjects moved laterally along a vertical wall
using hand and foot holds designed to simulate a climbing task;
and 5) equipment lift, where subjects moved two 4.5-kg boxes
from waist level to eye level and two 9-kg boxes from the floor
to waist level and then back to their original positions. Only one
box could be moved at a time and required both hands to be
used. Waist and eye levels were determined prior to the start of
each test for every individual. The final task was: 6) step-entry,
where subjects moved laterally and periodically stepped over
40-cm hurdles and ducked under chest-level poles to simulate
stepping over and under a habitat hatch entry. The test order
was the same across all subjects and was performed in casual
athletic apparel under normal (1-G) gravity.

The field test circuit was completed by each subject in 1 G
and in regular athletic apparel at two different intensities
designed to elicit metabolic rates of 20 ml - kg ™! - min~! and
30 ml - kg™! - min~!, which were chosen to simulate the meta-
bolic rates reported for suited lunar (1/6-g) and Martian (3/8-g)
ambulation, respectively (Fig. 1)."**"*? Thus, despite being in
athletic apparel, subjects were forced to work at a metabolic rate
that would be achieved if performed during suited ambulation.
During each test the exercise intensity and subsequent meta-
bolic rates were achieved by making the participants complete
the tasks at a specific speed. The speed required to elicit a given
target metabolic rate for each individual task was determined
through pilot testing. During the field test, audio recorded feed-
back by means of a countdown at 1-s intervals was used to pace
the subjects by informing the subjects of the time remaining to
complete a given task. Subjects were also continuously given
verbal feedback from an investigator regarding their field test
pace. If a subject completed a task too quickly, they were slowed
down or asked to pause for a short period (< 5 s in all cases).

For the Martian field test (i.e., speed associated with a sus-
tained Vo, of 30 ml - kg~ ! - min ), subjects were instructed to
complete five laps of the field test or until they became exhausted
and could no longer maintain the required field test intensity.
In a similar manner for the lunar field test (i.e., speed associated
with a sustained Vo, of 20 ml - kg™ - min~"), subjects were
instructed to complete nine laps or to exhaustion. For both tests
exhaustion was defined as the inability to complete two con-
secutive tasks within 3 s of the required time. The number of
laps were chosen so that subjects would exercise for no more
than 20 min for a given field test trial. While a longer test may

PREDICTING EVA PERFORMANCE—Ade et al.
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Fig. 1. Voz—to—speed relationship in subjects during 1-G unsuited treadmill
ambulation (black circles) and while wearing the Mark Ill Advanced EVA
Space Suit in simulated lunar [(1/6-g), white circles] and Mars [(3/8-g), black
triangles] gravity. Shaded area represents the speeds/metabolic rates antici-
pated for intrasite and site-to-site translations. Adapted from Norcross and
colleagues.'>?"%?

have been more representative of a true mission scenario, it
would have increased the likelihood of motivational factors
contributing to subjects not finishing the field test, instead of
the desired physiological factors.

Statistical Analysis

All analyses were performed using SPSS v.19 for Windows
(SPSS, IBM Corporation, Amonk, NY). Each subject was
assigned to one of two categories based on whether they fin-
ished (Finishers) the required number of Martian field test laps
or not (non-Finishers). Age, height, body mass, V0,,,., and
GET were compared between groups using paired ¢-tests. Main
effect for Vo, and %Vo,,,,. during each field test was tested
using two-way repeated measures ANOVA (group X time).
Differences were considered statistically significant when P <
0.05. Since subjects were paced to elicit a specific metabolic rate
for each task, no comparisons between tasks were performed.
To address the primary aim of determining the feasibility of set-
ting a cardiorespiratory fitness standard, a logistic regression
model was used to model the effects of Vo,, and GET on the
likelihood of success at completing the Martian field test. A
Hosmer-Lemeshow test was used to determine if the number of
Finishers and non-Finishers were significantly different from
those predicted by the model and then to test the overall model
fit. A multiple forward logistic regression model was used to
identify if Vo,,,,, and GET together would provide a greater
accuracy of prediction. To determine the contribution of spe-
cific components across both field tests, a multiple forward
logistic regression model was also used to identify if the
expected metabolic demand of a given field test, the expected
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%V 0, elicited by a field test, or %GET elicited by a field test
could be used to develop a predictive model to determine
performance.

RESULTS

Subjects were characterized by a mean Vo,,,,, of 43.4 ml -
kg™ !- min~! (range: 32.5-61.6 ml - kg~ ! - min~!) and a GET
of 25.6 ml-kg ™! - min~! (range: 15.6 - 41.0 ml - kg ' - min!).
The range of Vo,,,,, of subjects in the present investigation was
very similar to that reported for active NASA astronauts (Fig. 2).
Non-Finishers were characterized by a lower Vo, (37.2 +
6.7 vs. 45.8 = 3.6 ml - kg ' - min~; df = 19, P = 0.008) and
GET (21.9 = 4.3vs.27.1 = 6.4ml-kg ' -min 5 df = 19,P =
0.07) compared to Finishers as determined by paired ¢-test. On
average the non-Finishers were only able to complete ~65% of
the Martian field test. Two-way repeated measures ANOVA
revealed a significant effect for time [F(1,30) = 67.4, P < 0.001],
but no effect for group [F(1,10) = 0.4, P = 0.6] for Voz. There
were no differences between Finishers and non-Finishers for
Vo, (28.5 = 3.8vs.28.6 = 1.3 ml-kg™' - min~"), Vco, (26.9 =
4.8vs.282 + 1.2ml-kg ' - min~}; df = 10, P = 0.59), or Vy
(71.8 * 16.9 vs. 92,9 + 22.6 L - min~}; df = 10, P = 0.09)
averaged across the Martian field test. Additionally, two-way
repeated measures ANOVA revealed a significant group effect
for %\'702max [F(1,22) = 10.5, P = 0.009]. Compared to Finish-
ers, the non-Finishers achieved a significantly greater % V0,
during the Martian field test (78.4 = 4.6% vs. 64.9 = 9.6%;

Fig. 3; df = 10, P = 0.02). In the Finishers, the Vo, averaged
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Fig. 2. The mean V0, values previously reported for NASA astronauts are
used as the reference for describing the relative distribution of the current
study’s research subjects. The individual V0,5, values are plotted in a cumula-
tive fashion for all subjects. Superimposed at the appropriate point on the dis-
tribution of V0, values are the mean values reported in the literature,*!”20
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Fig. 3. Mean Vo, responses during the simulated Martian field test. Finishers,
black symbols; non-Finishers, white symbols. ‘Significantly different from
Finishers at the same time point, P < 0.05. *Significantly for time compared
to Finishers, P < 0.05.

across the entire Martian field test was not different than their
GET (df = 6, P = 0.06). Conversely, in the non-Finishers, the
average field test Vo, was significantly greater than their GET
(df =6, P = 0.005).

Logistic regression analysis identified Vo,,,, as an inde-
pendent predictor of Martian field test failure (x> = 10.2, P <
0.05). With this model, the probability of Martian field test suc-
cess (P) is: P = e¥/(1+e") wheree = 2.72 and y = 16.6 + —0.43 X
V0,ma The overall predictive capacity of the model was 85.7%
and correctly classified 14/15 Finishers (93.3% sensitivity) and
4/6 non-Finishers (66.7% specificity). The Hosmer-Lemeshow
test indicated that the number of Finishers was not significantly
different from those predicted by the logistic model and that
the overall model fit is good (P = 0.774). The VO, at which
the predicted probability equals 0.50 (i.e., Flmshlng and
non-Finishing are equally likely) was 38.4 ml - kg™!-min~%
The V0, at which the predicted probability equals 0.75 (i.e.,
75% predicted probability of finishing) was 40.0 ml - kg™

in~!. Table I shows the predicted probability of finishing and
the expected number of Finishers calculated as the predicted
probability multiplied by the number of patients above and
below the 40.0 ml- kg ™' - min~! Vo, threshold. The GET was
also an independent predictor of test failure (x> = 4.1, P = 0.04)
with an overall predictive capacity of the model of 71.4%
and correct classification of 14/15 Finishers (93.3% sensitiv-
ity) and 1/6 non-Finishers (16.7% specificity). The GET at
which the predicted probability equals 0.50 and 0.75 was
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Tablel. Relationship Between Vo, and Predicted Probability of Finishing the Simulated Martian Field Test.

NUMBER OF NUMBER OF PROPORTION OF PREDICTED PROBABILITY EXPECTED NUMBER
SUBJECTS FINISHING FINISHING OF FINISHING OF FINISHING
V0,04 Category
=400ml-kg~"-min~! 13 12 92.3% 98.4% 128
<400ml-kg~"-min~! 8 3 37.5% 38.9% 3.1
GET Category
=251ml-kg™"-min~! 10 9 90.0% 87.9% 88
<251ml-kg™"-min~! 11 6 54.5% 56.2% 6.2

20.1 and 25.1 ml - kg~! - min~!, respectively. The predicted
probability of finishing and the expected number of finishers
above and below the 25.1 ml - kg™ ! - min~! GET threshold is
shown in Table I. Multiple logistic regression revealed that
VOymay bY itself was a better predictor of performance than
models containing both Vo, and GET.

All 21 subjects were able to complete the lunar field test;
therefore, the Finishers and non-Finishers groupings from the
Martian field test were used for the lunar intensity analysis.
Two-way repeated measures ANOVA revealed a significant
effect for time [F(1,22) = 70.9, P < 0.001], but no effect for
group [F(1,10) = 1.7, P = 0.2] for Voz. There were no differ-
ences between Finishers and non-Finishers for Vo, (18.7 = 1.7
vs.20.1 = 1.7 ml-kg ! min~ ), \Ofco2 (16.6 22vs. 187 £ 1.6
ml-kg™'-min~"), or Vi (41.0 + 8.5vs. 44.8 + 3.2 L - min"}
P < 0.05) averaged across the entire test as determined by
paired t-test. The lunar field test elicited a significantly greater
9%V 0yynay in NON-Finishers compared to Finishers [55.9 * 8.6%
vs. 42.5 * 4.6%; Fig. 4; F(1,10) = 12.5, P = 0.005]. Further, in
the Finishers, the Vo, averaged across the entire lunar field test
was significantly lower than the Vo, at the GET. Conversely, in
the non-Finishers the average field test Vo, was not different
than the Vo, at the GET.

When the metabolic demand, the expected %Vo,,,,. elic-
ited, and %GET elicited from both the simulated Martian and
lunar field tests were combined into a multiple forward logistic
regression model, it was revealed that the calculated % V0,
required to complete the field test (i.e., expected metabolic
demand of the field test + subject’s Vo,,,,) was a better predictor
of performance than models containing all three field test vari-
ables (x> = 19.3, P < 0.05). With this model, the probability of
field test success (P) is: P = e¥/(1+e¥), wheree = 2.72 and y =
—18.3 + 2.33 X ‘expected % V0, Thus expected % Vo,
required by a simulated field test at which the predicted proba-
bility equals 0.50 (i.e., Finishing and non-Finishing are equally
likely) was 78.6%. Therefore, if a field test, independent of its
metabolic demand, will require >78.6% V0,,,,.., there is a 50%
probability of not being able to complete the required tasks.

DISCUSSION

The primary objective of the present investigation was to eval-
uate the feasibility of using physiological responses and
laboratory-based physical performance measures to assess an

individual’s ability to complete a field test circuit similar to the
activities and exercise intensities that might be experienced
during Martian- and lunar-based exploration tasks based on
the use of current EVA technology.'®2*? As intended, the
Martian and lunar field tests elicited metabolic rates of ~28
and ~19ml-kg™'- min~!, respectively, which as illustrated in
Fig. 1 is similar to those reported for ambulation in a MKIII
space suit simulator in these gravitational environments. Con-
sistent with our first hypothesis, using a univariate logistic
regression analysis, a fitness threshold with a predicted prob-
ability of 0.5, at which Finishing and non-Finishing are
equally likely, and 0.75, at which an individual has a 75% chance
of Finishing, was shown to be a Vo, of 38.4ml- kg™ - min !
and 40.0 ml - kg™! - min~", respectively, and a GET of 20.1 ml -
kg™! - min~!and 25.1 ml- kg~ - min~, respectively. Thus, this
analysis demonstrates the feasibility of using an aerobic fit-
ness measurement to predict performance during simulated

VO, (ml kg min™)
3
|

80
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40

% VO, max

20

0 200 400 600 800 1000 1200 1400
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Fig. 4. Mean Vo, responses during the simulated lunar field test. Finishers,
black symbols; non-Finishers, white symbols. Significantly different from Finish-
ers at the same time point, P < 0.05.
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Martian-based activities developed around current suit tech-
nology. In addition, the expected % Vo,,,,., required by a simu-
lated field test, independent of the field tests absolute metabolic
demand, can be used as a predictor of an individual’s ability
to complete a simulated EVA field test such that if a task will
require >78.6% V0,,,,., there is a 50% probability of failure.
The second hypothesis was also well supported by the present
study’s findings. Non-Finishers of the Martian-based field test
achieved a greater fraction of their Vo,,,,,. compared to Finish-
ers. Evaluation of pulmonary Vo, during the Martian-based
field test in relation to Vo,,,, and GET revealed that non-
Finishers were working at a Vo, greater than their GET.

The dynamic work reported during Shuttle and ISS EVAs
primarily involved the upper body musculature” at a relatively
low exercise intensity. As reviewed by Cowell et al,,'” many of
the Shuttle EVAs elicited a mean metabolic rate of ~0.65 L -
min~! or an estimated 45-50% of arm cranking Vozpea_k.7 As
many future manned missions may rely on EVAs for surface
exploration, the previous Shuttle metabolic data may not accu-
rately predict the demands of lunar or Martian exploration. In
12 Apollo astronauts, the total energy expenditure across 28
surface EVAs had a mean Vo, of 0.7 to 1.0 L - min~! or
~10-14 ml - kg~! - min~! (assuming an average body mass of
70 kg).” In the Apollo 15 commander at least 20 min were
spent during EVA egress and equipment deployment at a meta-
bolic rate of ~20 ml - kg™' - min~". Similar values have been
observed during simulated lunar ambulation in more modern
space suit designs.'®?! In the present study, subjects were paced
to elicit this target Vo, of 20 ml - kg ™! - min~'. As shown in
Fig. 4, the Vo, increased rapidly over the first 3-4 tasks, and
then attained a steady state until completion of the field test. It
is also important to note that all individuals, despite their level
of fitness, were able to complete the lunar-based field test. This
is consistent with the finding that individuals with an average
VOymay 0f 48.7 ml - kg ™! - min~! can ambulate 10 km in a space
suit in simulated lunar gravity.”! Similarly, in the current inves-
tigation, the average metabolic rate during the simulated 10-km
lunar ambulation was ~24 ml - kg™! - min~!, representing
~51% VO,,..>" Thus there may be few physical limitations
when performing EVA tasks in 1/6 g.

Unlike the low to moderate metabolic rates elicited during
Shuttle and lunar EVAs, those previously measured during sim-
ulated Martian-based activities may be substantially higher
when performed in the current generation of space suit designs.
Suited ambulation in 3/8 g produces a Vo, which is higher than
walking on Earth (Fig. 1) and which has been shown to elicit
V0, in some individuals.'*?! Thus the Vo, during even the
slowest walking portions of a Martian EVA may reach or exceed
30 ml - kg~! - min~! and highlight an EVA situation in which
reducing the pace of an activity in an attempt to reduce the
physical demands of the EVA may not be a feasible option. As
shown in Fig. 3, when subjects performed the field test at a tar-
get Vo, of 30 ml - kg~! - min~, those individuals who main-
tained a % V0, of <65% were able to complete the field test,
while the non-Finishers achieved >78% Vo,, ... Given that the
relationship between the parameters which define each exercise

intensity domain and their associated physiological responses
elicited (i.e., VO,y,.x and LT/GET) are highly variable in differ-
ent individuals,” it is apparent that a given exploration task
work rate can result in dramatic variation in both the metabolic
profiles and the tolerable duration of the work. As such, non-
Finishers were working at a Vo, greater than their GET, while
Finishers were working at an exercise intensity not different
than GET. This suggests that those who could not complete the
simulated Martian EVA were working very near to or in the
severe exercise intensity domain (with its well-known limited
exercise tolerance'®), while those who could finish were work-
ing close to the moderate-to-heavy exercise intensity domain.”

Based on previous literature, it would be anticipated that
aerobic exercise capacity would predict performance on the
Martian-based field test.? In the present study, a significant rela-
tionship between the Martian-based field test performance and
VOymax Was observed via univariate logistic regression. This is
an important finding given that no study to date has established
an aerobic fitness threshold that predicts successful completion
of a Martian-based field test consisting of intra- and site-to-site
tasks. These findings are consistent with the previous obser-
vations that Vo,,,,, is strongly correlated with simulated
exploration task completion time.”> However, this early work
used self-paced exploration tasks which allowed the lesser
fit subjects to complete the tasks at very low metabolic rates,
whereas the current investigation required all subjects to main-
tain a metabolic rate equivalent to that expected for actual
Martian-based EVAs. V0,,,, has also previously been shown
to correlate with athletic endurance performance and firefighter
work performance.”'>* Similar to the present investigation,
Williams-Bell et al.?® evaluated the relationship between Vo,
and completion time on the firefighter Candidate Physical
Abilities Test, which consisted of content-based tasks. Success
in their abilities test could, in part, be predicted by a Vo,
of =~3.5 L - min~!. However, it is important to note that the
firefighter Candidate Physical Abilities Test consisted of tasks
related to search and rescue and fire suppression, whereas the
present investigation used tasks specific to intra- and site-to-
site EVA work.!® Therefore, the fitness thresholds identified for
other professions where complex endurance tasks are required
may not be directly applied to planetary EVA work.

The present study also extends the work of previous investi-
gations by developing a predicative model based on the meta-
bolic demands of simulated EVA relative to an astronauts
aerobic capacity. This model highlights that EVA performance
is dependent upon both absolute demands of the required tasks,
which may be largely determined by space suit limitations, and
astronaut fitness. As such, this model provides a tool for explo-
ration suit and task designers in which specific components
related to exploration (i.e., suit mass, biomechanical constraints,
ambulation distances, rate of ambulation, carrying require-
ments) can be modified to promote EVA success for crewmem-
bers of various aerobic capacities rather than focusing solely on
confining aerobic capacity to a minimum standard. This is a
critical concept given that the demands placed upon astronauts
in flight may need to be dictated more by the technical specifics
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of the mission rather than the maintenance of a minimum fit-
ness standard.

Similar to V0,,,,, but to a lesser extent, GET significantly
predicted completion of the Martian-based field test. Several
investigations have shown that the gas exchange threshold and
other indices of blood lactate accumulation have a strong cor-
relation with endurance performance, particularly for distances
ranging from 5 km to marathon distances.>''? These findings
coupled with that of the present investigation are interesting
given that bed rest deconditioning, a surrogate of spaceflight
deconditioning, decreases the GET to a greater extent than
V0,,..x during supine exercise.®

As previously described, the field test in the current investi-
gation replicated as closely as possible the types of exploration
tasks that might be expected during Martian and lunar missions
in a prototype NASA space suit.'®'*?! It is also important that
the MKIII suit is the only space suit in which the speed-to-Vo,
relationship has been determined in partial gravity; therefore,
certain assumptions are a consequence of this type of investiga-
tion. There are noteworthy differences between our subjects and
Martian/lunar-based astronauts. Our subjects wore athletic
apparel, not a pressurized space suit, and performed each test in
1 G, not a microgravity environment. To circumvent these con-
straints each subject was individually paced to elicit an absolute
metabolic response similar to that reported for ambulation in
the MKIII space suit.?** In addition, while the MKIII space suit
is only a prototype, previous investigations have demonstrated
that variations in suit weight and suit pressure have minimal
(~3-4ml-kg ' min~') impact on the metabolic cost of activi-
ties at the slow speeds associated with intra- and site-to-site
EVA transitions,'® which is very similar to that simulated by the
present study. However, unlike suit weight and pressure, suit
biomechanics (i.e., suit kinematics and stability) at low speeds
can significantly contribute to the metabolic cost of ambula-
tion.?” In addition, true ambulation on a planetary surface may
elicit gait patterns different from those in which the speed-
to-Vo, relationship for the MKIII was determined. In total,
while the current study’s methodology may limit the direct
application of its findings, it does provide a strong approxima-
tion of what might be expected and the ability to predict relative
success during a future planetary mission at exercise intensities
expected for intra- and site-to-site EVA transitions.'?

An additional limitation to the present study was the evalu-
ation of only Vo,,,, and GET. Other parameters of aerobic
exercise capacity would have provided possibly greater predict-
ability and novelty to the investigation. However, Vo,,,,. and
GET were chosen as they represent the most common physio-
logical measurements of cardiorespiratory fitness in NASA
astronauts and spaceflight analogues.®'* Testing protocols for
additional parameters of submaximal exercise performance,
like critical power (highest sustainable rate of aerobic metabo-
lism), have not yet been developed for pre- or in-flight testing
of NASA astronauts. Future studies should develop additional
tests of pre- and in-flight cardiorespiratory fitness followed by
the in-depth evaluation of their ability to predict performance
during simulated Martian-based activities.

PREDICTING EVA PERFORMANCE—Ade et al.

One of the most relevant findings of the present study is
the feasibility of using a standardized measurement of physi-
cal fitness, like VO,,,., particularly as it relates to the meta-
bolic demand, to determine an individual’s ability to finish or
not finish a series of simulated EVA tasks. The implications of
this finding are twofold. First, for exploration EVAs that are
expected to require a metabolic rate at or above 28-30 ml -
kg™! - min~’, the probability of successfully completing the
task can be calculated via logistic regression models. Second,
given the assumed parameters of the present study’s simulated
Martian field test, a minimum fitness requirement may need
to be a Vo,,,, of >40.0 ml - kg~! - min~! and/or GET of
25.1 ml- kg™ - min~". Third and most importantly, in situa-
tions in which the minimum fitness requirement cannot be
met due to crew selection or severe spaceflight decondition-
ing, if the metabolic demands of the required tasks can be
decreased (e.g., reduced rate of ambulation) such that it is
below a given %V0,,,.,, task completion has a significantly
higher probability of successful completion.

In summary, the results of the present investigation high-
light the potential utility of Vo, and GET in defining suc-
cessful completion of planetary-based exploration field tests. It
is our recommendation that future research investigations bet-
ter evaluate the metabolic costs of suited EVA tasks so that
a true aerobic fitness threshold can be developed for various
mission scenarios. In addition, future in-flight testing of astro-
nauts should continue to include measurements of Vo, ..
and that real-time monitoring of EVA metabolic rates should
be scaled to Vo,
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