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The Partial Pressure of Inspired Carbon Dioxide
Exposure Levels in the Extravehicular

Mobility Unit
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NASA has been making efforts to assess the carbon dioxide (CO,) washout capability of spacesuits using a standard CO,

sampling protocol. This study established the methodology for determining the partial pressure of inspired CO, (P,co,)
in a pressurized spacesuit. We applied the methodology to characterize P,co, for the extravehicular mobility unit (EMU).

We suggested an automated and mathematical algorithm to find the end-tidal CO, and the end of inspiration. We

provided objective and standardized guidelines to identify acceptable breath traces, which are essential to accurate and
reproducible calculation of the in-suit inhaled and exhaled partial pressure of CO, (Pco,). The mouth guard-based
method for measurement of inhaled and exhaled dry-gas Pco, was described. We calculated all individual concentra-
tions of Pco, inhaled by 19 healthy subjects classified into 3 fitness groups. The transcutaneous Pco, was monitored as a

Mean and standard deviation values for the data collection performance and the CO, metrics were presented (e.g.,

minimum time weighted average Pco, at suited workloads of resting, 1000, 2000, and 3000 (BTU - h~") were 4.75 = 1.03,
8.09 = 1.39,11.39 = 1.26,and 14.36 + 1.29 (mmHg - s~ ). All CO, metrics had a statistically significant association and all
positive slopes with increasing metabolic rate. No significant differences in CO, metrics were found between the three

A standardized and automated methodology to calculate P,co, exposure level is presented and applied to characterize

CO, washout in the EMU. The EMU has been operated successfully in over 400 extravehicular activities (EVAs) and is
considered to provide acceptable CO, washout performance. Results provide a basis for establishing verifiable Pco,
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primary concern for NASA toxicologists, flight surgeons,

and astronauts as the effects of exposure to elevated levels
can negatively affect astronaut performance and long-term
health.”® The exact duration, dose, and attributable physiological
effects, however, are highly variable and difficult to accurately
predict. This uncertainty has led to a progressive lowering of
vehicle and habitat exposure levels to help relieve some of the
symptoms being reported by crewmembers that may be attrib-
uted to rising levels. These limits are intended to apply only to
long-duration chronic exposures, in large habitat and vehicle
volumes, and thus should not be applied to spacesuit exposures,

Exposure to carbon dioxide (CO,) during spaceflight is of

where crewmembers may be acutely exposed to high levels of
CO, in a confined helmet space.

Providing adequate CO, washout is essential to the reduc-
tion of risk in performing suited operations. Washout capability
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refers to the ability of the suit ventilation system design to
remove expired air from the vicinity of the oronasal area and
helmet before being inspired by the crewmember. Efforts were
undertaken by the NASA Johnson Space Center’s (JSC) Human
Physiology, Performance, Protection, and Operations (H-3PO)
Laboratory to aid in the definition of a spacesuit-specific expo-
sure requirement and to characterize the CO, exposure envi-
ronment of the extravehicular mobility unit (EMU) spacesuit,
which is the longest continually operating United States space-
suit design, enabling safe execution of hundreds of in-flight
extravehicular activities (EVAs), training sessions in neutral
buoyancy environments, and ground-based tests. Specifically,
we developed a simulated breathing technique to determine the
effects on measured CO, data integrity of various hardware
portions of a proposed standard test set up for in-suit measure-
ment of CO,.%>!? Testing was then performed using this stan-
dard method to quantify the crewmember partial pressure of
inspired CO, (P;c0,) in the EMU."? The level of the measured
P;co, indicates whether the suit ventilation system has washed
out the expired air in the helmet before being inspired by the
crewmember. In this paper, we provided the standardized
description of testing requirements, conditions, and procedures
necessary to acquire inhaled and exhaled dry-gas partial pres-
sure of CO, in a pressurized EMU spacesuit which is used to
calculate P;co,. To determine the Pico, exposure level experi-
enced by persons in the spacesuit, we proposed the optimiza-
tion-based algorithm that automatically and accurately identify
acceptable breath traces from the respiratory waveform. The
CO, waveform displays changes in the CO, concentration dur-
ing the respiratory cycle. The shape of the CO, waveform also
has diagnostic value, but is currently assessed qualitatively, by
visual inspection."” While visual inspection of the highest or
lowest points in the waveform can discern gross changes, it can-
not reliably recognize and therefore systematically leverage
small gradations in shape that may have diagnostic value. Com-
putational and quantitative analysis of the CO, waveform was
also considered to define phases and related metrics using the
characteristics of the rectangular-shaped waveform, including
curved plateau and sloping regions.''* However, the guide-
lines for selecting acceptable breath traces to calculate P;co,
exposure level must be robust and consistent enough to exclude
erratic breath traces during suited operations but not exclude
true results from a spacesuit design that results in poor wash-
out. No automated method for calculating inhaled and exhaled
dry-gas Pico, concentration during exercise has been described
in the literature nor has its usage been applied to provide the
actual results of the EMU CO, washout. Our standardized test-
ing protocol and automated analyzing process were designed to
accurately and consistently test

the interaction between the suit

and a human test Subject as a Table l. Group Characteristics.

may be used to measure the in-suit P;co, as well as calculating
the average P;co, during the inhalation portion of the respira-
tory cycle while a human test subject is performing work at lev-
els anticipated during suited operations in ground and flight
environments.

METHODS

Subjects

This study protocol, reviewed and approved by the NASA JSC’s
Institutional Review Board, included a total of 19 healthy indi-
viduals (7 women and 12 men) who could exercise using an
arm ergometer wearing an EMU spacesuit.

Intersubject variability due to respiratory variability between
subjects (e.g., ventilation rates, breathing frequency, tidal vol-
ume, and respiratory exchange ratio at an absolute metabolic
rate) may result in different Pco, measurements for similar
flow rates and work rates. To define the subject population
needed for this study, a separate study was completed charac-
terizing expired ventilation, tidal volume, and respiratory rate
trends across increased metabolic rates by subjects demograph-
ics using the Vozpeak tests. Based on the result, 19 test individu-
als were sought to evaluate the washout performance of the
EMU across a range of subject fitness levels. Specifically, the
lower end contained 7 persons with Vozpea_k of less than 2.5 L -
min~! (3000 BTU -h™!). The middle group contained 6 persons
with 2.5-3.75 L - min ", and the upper group contained 6 per-
sons over 3.75 L - min~ ! (4500 BTU -h™!). Mean and standard
deviation (SD) values of the absolute Vo2peak of subjects used in
this study are shown in Table I. As subjects work at a greater
relative workload (% Vozpeak), expired ventilation increases and,
above ventilatory threshold, this increase is primarily driven by
an increase in respiratory rate. It was hypothesized that a greater
respiratory rate would lead to increased dead space ventilation,
rebreathing of exhaled gas, and poorer CO, washout results.

Equipment

A sample probe for the proposed standardized method is a
commercial mouthguard (Battle Sports Oxygen Mouthguard)
with an open hole at the front (Fig. 1A). The sample line is
placed through the roof of the mouth guard opening by punc-
turing the material and compression fitting the tubing. The
mouth guard material provides secure placement. This places
the sample line directly at the center of the subject’s breathing
airflow path, and the mouth guard is kept flush against the sub-
ject’s face (Fig. 1B). A 3.05-m (10-ft) long, 0.159-cm (1/16-in)
inner diameter flexible Tygon tubing was used, with no

dynamic system, and generate GROUP CRITERION NUMBER OF SUBJECTS V0zpeak (Lispp) * min ")
repeatable results under defined 1 =25L-min”! 7 (Male: 1, Female: 6) 2.21(039)
laboratory conditions. 2 25-375L-min”" 6 (Male: 5, Female: 1) 312(0.34)

The standard testing pro- 3 =375L-min”" 6 (Male: 6, Female: 0) 407 (0.12)
cedure proposed in this study  *Mean (D)
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Fig. 1. A) Bite style mouth guard. B) Subject side profile with the mouth guard sample probe and the Tcpco, sample
probe affixed to the subject’s left cheek. C) Front view of subject with sample line placed through the roof of the
mouth guard opening, protruding ~5 mm into the mouth guard’s breathing hole for direct air sampling of expired
and inspired air. D) Unsuited condition (LCVG and TCU worn), E) Suited subject working on the arm ergometer. (See
color version of Fig. 1 online at: https://doi.org/10.3357/AMHP5608.2020.)

intermediate connectors (e.g., threaded adapters) between the
probe end in the suit and the CO, sensor to minimize the error
resulting from mixing caused by turbulent flow (Fig. 1C). A
sample flow rate of 1000 ml - min~' was used to result in a mini-
mal error due to gas mixing, which was identified from our
prior study. A sampling of air from within the spacesuit is
driven by the pressure of the suit, which is tested at 19 psia (4.3
psid, which is the EMU nominal working pressure). To main-
tain laminar flow as closely as possible and control the flow rate
to the sensor, an orifice (Bird Precision, Waltham, MA) was
placed between the CO, sensor and the sample tubing (Fig. 2).
A flow and pressure meter was placed on the exhaust of the CO,
sensor to verify that 1000 ml - min~! was being passed through
the CO, sensor and that the sensor was not inadvertently
pressurized during testing. In the cases where suit testing is

Pressurized space suit

CO, sensor
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performed at the ventilation
loop pressure, which is typically
less than 1 psid, removing the
orifice and placing a vacuum
pump at the exhaust port of the
CO, sensor is acceptable for
minimizing sampling configu-
ration induced errors. All data
were sampled at 50 Hz, which
provides sufficient breath-by-
breath resolution for accurate
characterization of expired and
inspired CO,. Finally, the trans-
cutaneous Pco, (Tecpco,, TCM
TOSCA®, Radiometer America,
Brea, CA) sensor was affixed
to the subject’s cheek as a sec-
ondary measure of washout
performance of the spacesuit
(Fig. 1C).

Procedure
Subjects performed two com-
ponents in this study: 1) an
unsuited (liquid cooling and
ventilation garment (LCVG)
and thermal comfort undergar-
ment (TCU) worn (Fig. 1D).
Characterization of respiratory
performance at workloads of
rest, 1000 British thermal unit per hour [BTU - h™!, 293 watts
(W)],and 2000 BTU - h™! (586 W); 2) a suited (Mark-III space-
suit, Fig. 1E) characterization of the EMU washout perfor-
mance at workloads of standing rest, 1000 BTU - h™!, 2000
BTU - h™!, and, if achievable by the subject, 3000 BTU - h™!
(879 W). Suit pressure was maintained at 4.3 psid and a flow
rate of 6 ACFM, the nominal in-flight EMU EVA configuration.
Test subjects wore the suit while weight relief was provided via
an overhead trolley, during which time they exercised using an
arm ergometer (Monark 881, HealthCare International, Lang-
ley, WA) placed on a test stand in front of the subject (Fig. 1E).
Metabolic rate was calculated in real-time from the total CO,
production as measured by a gas analyzer (CD-3A, AEI Tech-
nologies, Bastrop, TX) at the air outlet from the suit using
methods consistent with previous studies.

Additionally, heart rate was
monitored to ensure that the

suited subjects stayed within a

—I Orifice Flow meter
safe exertion level. This study
®_’ 2 _@—) 4 _®_) @ —>| 7 [—> Toambient  4j55 investigated incorpora-
| PVC Nafion tion of a Tcpco, sensor within
tubing tubing the suit for transcutaneous gas

Fig. 2. Air sampling configuration. 1) Mouth guard sample probe; 2) suit pass-through port, open port potted with
room temperature vulcanizing silicone; 3) 10-ft, 1/16-in ID Tygon® PVC tubing; 4) orifice sized to achieve 1000 ml -
min~" to sensor; 5) Nafion tubing; 6) infrared CO, sensor, AEl Technologies CD-3A; 7) flow meter for sample flow rate

verification.

monitoring of CO, levels. An
Apollo-era EMU helmet with
dual feed ports on either side of
the face, as shown in Fig. 1B,
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was used to pass both the CO, sampling tubing (held in place
by the mouth guard) and the Tcpco, sensor. The ports were
filled with room temperature vulcanizing silicone adhesive to
ensure no leaks occurred at the pass-through ports. A suit leak
check also was performed before each test to verify pressure
and flow were maintained at expected levels.

Data Processing

We have established the testing equipment and setup to get high
resolution breath-by-breath trace data during suited operations
for accurate characterization of expired and inspired CO,.
We have also shown that in-suit sampled respiratory traces via
the simplified and controlled air sampling configuration (see
Equipment and Procedure sections) were most reflective of
physiological characteristics. The peak Pco, during exhalation
is known as the end-tidal CO, (E,co,) and normally occurs at
the end of the alveolar plateau (see the in-suit sampled respira-
tory waveform in Appendix A, available online at: https://
doi.org/10.3357/AMHP.5608sd.2020). At the end of inspira-
tion, the CO, trace generally reaches minimum, which is called
the inspiration end. The total concentration of CO, inhaled by
the subject is the area under the inspiration portion of the
breath trace, which is defined by the E,co, and inspiration end.
The criteria for identification of the E,co, and inspiration end
points must be broad and robust enough to exclude erratic
breath traces but not exclude true results from a suit design that
results in poor washout. Likewise, identification of acceptable
breath traces from within a data set is essential to accurate cal-
culation of Pco, because the inhalation portion of the respira-
tory trace is the only component necessary for calculation of
inspired CO, and washout performance. Due to the variability
associated with human-in-the-loop (HITL) testing (e.g., sub-
ject size, suit fit, physiology, etc.), ventilation designs, and suit
configuration, there is a need to standardize this breath trace
selection methodology. Several factors resulting from human-
induced errors (e.g., talking, swallowing, coughing, etc.) also
could affect the performance when calculating the inspired
CO, concentration and building the standardized acceptable
breath criteria. Therefore, it is important to create a guideline
and methodology to accept potentially noisy expiratory data if
it has not interfered with the inspiration portion of the breath
trace. The criteria for identification of the start and end of inspi-
ration points for calculating the suit CO, washout performance
and identification of an acceptable inspiratory breath trace
are described in Appendix A (available online at: https://doi.
org/10.3357/AMHP.56085d.2020).

The time-weighted average (TWA) Pco, represents the
quantity of CO, inspired by the subject, excluding adjustments
for pressure and water vapor saturation. The TWA Pco, calcu-
lation is the total acceptable area between the E,co, and inspira-
tion end points."">* There are two Pco, values reported for this
calculation: 1) Maximum TWA Pco,, defined as the TWA Pco,
calculated without accounting for any sampling hardware
induced measurement uncertainty; and 2) Minimum TWA
Pco,, defined as the TWA Pco, calculated after scaling of
the breath traces to account for sampling hardware induced

measurement uncertainty.'® The procedure for calculating
maximum TWA Pco, and minimum TWA Pco, is described
in Appendix A (available online at: https://doi.org/10.3357/
AMHP5608sd.2020).

Statistical Analysis

Linear mixed-effects regression models were developed to
characterize CO, response across metabolic rates within the
suit. The dependent variables of interest included maximum
and minimum TWAs, E,co,, and Tcpco,. All analyses and
graphs were created in R. The Ime() function within the nlme
package was used to fit the mixed models. The form of the fixed
effects within the models was CO, variable of interest ~ Aver-
age Metabolic Rate. Subject-specific random intercepts and
slopes (random = ~1 + Average Metabolic Rate | Subject) were
included to adjust for the repeated measures within individuals,
allowing for individualized response. The overall relationship
between in-suit Pco, metrics and other factors (e.g., metabolic
rate) was assumed to be linear based on visual displays of the
data. Graphs include both the subject-specific predictions and
the overall estimated average response across the population.
Analysis on whether fitness group (Group 1, Group 2, or Group
3) changes intercept or slope of the regression models were pro-
vided by incorporating group as a main effect and as an interac-
tion term with Average Metabolic Rate. Visual inspection of
model residuals showed conformity to normality requirements.

RESULTS

Mean and SD values for the data collection performance (e.g.,
metabolic rate, heart rate, acceptable breath, data collection
time) are presented in Table II. At the suited testing state, each
average of the metabolic rate at workloads of 1000, 2000, and
3000 BTU - h™! was higher than the target metabolic rate,
respectively. Each average of the metabolic rate at unsuited
workloads of resting, 1000, and 2000 were lower than that at
suited workloads. Heart rate was increased depending on the
increment of the metabolic rate. At each unsuited and suited
testing state, we collected data for about 1 min and 2 min,
respectively. We could retain at least 80% of the acceptable
breath ratio at unsuited testing states and suited high metabolic
rates (2000, 3000). However, at lower metabolic rates (suited
resting and 1000), we collected data up to about 160 s because
we could not collect enough acceptable breath traces for reliable
characterization of performance due to measurement artifact at
the early stage of testing. Table II also includes summary statis-
tics of the CO, metrics (e.g., maximum TWA, minimum TWA,
E.co,, Tcpco,). We compared calculated TWAs, detected E.co,
and measured Tcpco, to determine if there is any evidence for
increasing the amount of CO, dissolved in the blood with
increasing Pco, levels in the suit as metabolic rate increases.
Table III and Fig. 3 show that Tcpco,, TWAs, and E,co, have a
statistically significant positive association (P < 0.005) with
metabolic rate; furthermore, they appear to be linear, support-
ing our choice of a linear mixed-effects model.
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Tablell. Overall Results (N = 19).
TARGET METABOLIC RATE UNSUITED TARGET METABOLIC RATE SUITED
(BTU-h™") (BTU-h")
VARIABLE, UNIT RESTING 1000 2000 RESTING 1000 2000 3000
Metabolic Rate, BTU -h™' 385.88 (43.44) 1002.75 (53.42) 1783.63 (86.23) 672.79 (63.79) 1161.67 (95.13) 2104.77 (140.94) 3184.13(178.81)
Heart Rate, bpm 81.85 (2.85) 114.12 (2.28) 139.08 (3.14) 76 66 (4.84) 98.94 (4.58) 122 83 4.16) 133.90 (5.39)
Acceptable breath, % 88.16 (16.20) 99.38 (2.62) 98.25 (3.53) 3(24.21) 68.55 (20.93) 85(12.29) 87.02 (8.53)
Data collection time, s 62.99 (6.97) 6136 (2.11) 59.94 (3.15) 164 54 (85.34) 164.28 (82.75) 122 45 (20.63) 115.96 (16.88)
Maximum TWA, mmHg*s 5.10(1.16) 421(1.02) 3.81(0.85) 568 (1.17) 946 (1.62) 331 (1.55) 16.56 (1.47)
Minimum TWA, mmHg*s 3.86 (1.03) 2.75(0.82) 2.15(0.60) 475 (1.03) 8.09 (1.39) 39 (1.26) 14.36 (1.29)
E,co,, mmHg 37.04( 6) 3894 (2.17) 39.15 (2 18) 34.05(3.43) 38.05(3.84) 44 00 (3.35) 4929 (3.14)
Tcpco, mmHg : 36.80 (0.39) 38.16 (0.43) 40.23 (044) 4330 (0.46)

*Mean (SD)

Finally, we investigated whether the physiology-related fac-
tors influence washout performance. Mean and SD values for
the data collection performance (e.g., metabolic rate, heart rate,
acceptable breath, data collection time) and the CO, metrics
(e.g., maximum TWA, minimum TWA, E,co,, Tcpco,) in all
groups are presented in Table IV. Table V and Fig. 4 show the
comparison results by fitness group in Table IV. Although sex
was associated with the fitness groupings, none reached statisti-
cal significance for inclusion in the models of CO, variables
(e.g., maximum and minimum TWAs, E,co,, Tcpco,) or for
differences in CO, variables between groups (P > 0.1). Subjects
in Group 1 could not achieve the higher metabolic rates in the
spacesuit due to our study termination criteria. This study was
classified as NASA level 3 medical monitoring, which limits
subjects to submaximal aerobic effort. Therefore, the trial is ter-
minated if the subject exceeds 85% of the age-predicted heart
rate maximum for greater than 2 min. Using this trial termina-
tion criteria, the lower fitness subjects in Group 1 were not able
to complete all target metabolic ranges.

DISCUSSION

A standardized methodology

exclude erratic breath traces but not exclude true results from a
spacesuit design that results in poor washout. For example, a
high-velocity ventilation inlet jet into the helmet may create sig-
nificant turbulence and result in a single breath sample having
both low content CO, gas and high CO, gas as it mixes within
the helmet. We minimized this artifact by placing the sample
probe directly in the flow path of the expiration/inspiration;
however, it is not entirely unavoidable and ultimately governed
by suit design. For this reason, we cannot discard all erratic
traces as they may be a result of poor washout. Therefore, the
guideline we proposed aimed to capture potential washout
effects while ensuring that measurement noise and human-
induced error should not affect the calculation of TWAs.

The measurement of human-induced errors are not repre-
sentative of normal steady-state breathing and thus should be
deemed unacceptable for accurate characterization of Pco,. In
our previous study, we mentioned that the breath trace in Phase
I is acceptable if the concentration trend during the expiration
phase and plateau is “continually increasing” to the peak E.co,
point. In this study, we accepted the breath if the amplitude of
inspiration start was greater than 90% of the amplitude of the
starting point in the plateau period during Phase I (see Fig. Cb

Table lll. Fixed Effects: F-Tests and Coefficient Tests.

for measuring Pco, in space-

suits is important to verify if FVESTS
ventilation designs maintain VARIABLE, UNIT TEST numDF denDF F-VALUE P-VALUE
safe levels of CO, during all Maximum TWA, mmHg*s Intercept 1 1939 7689 <0.0001
suited operations. In this study, slope ! 1939 3094 <00001
we proposed an obiective and Minimum TWA, mmHg*s Intercept 1 1939 692.0 <0.0001
propo: ) Slope 1 1939 3359 <00001
quantitative framework from E.co,, mmHg Intercept 1 1939 1399.2 <0.0001
which acceptable breath traces Slope 1 1939 3203 <0.0001
are identified and then ana- Tcpco,, mmHg Intercept 2 1939 11449 <0.0001
lyzed. An example of breath 20z 2 L 202 L
trace data is to illustrate initial COEFFICIENT TESTS
identification of the acceptable ~_VARIABLE, UNIT TEST COEFFICIENT  SE DF tVALUE  P-VALUE
breath traces for analysis (see Maximum TWA, mmHg*s Intercept 4.35 0.31 1939 14.02 0.00
Fig. D in the Appendix, avail- Slope 0.00 0.00 1939 17.59 0.00
able online at: https://doi.ore/ Minimum TWA, mmHg*s Intercept 361 0.25 1939 14.45 0.00
- ttps://doL.org Slope 0.00 000 1939 1833 0.00
10.3357/AMHP.56085d.2020). E,cO,, mmHg Intercept 3205 132 1939 24.27 000
The guidelines for selecting Slope 001 0.00 1939 17.90 0.00
acceptable breath traces must be Tcpco, mmHg Intercept 3591 1.21 1939 29.74 0.00
Slope 0.00 0.00 1939 1423 0.00

robust and consistent enough to
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Fig. 3. A) Maximum TWA, B) minimum TWA, C) E,co,, and D) Tcpco, values both increased as a function of metabolic rate. The bold black line and the gray area are
the modeled population response and the 95% confidence limits on the linear prediction line, respectively. All other colors reflect individual subject responses. (See

color version of Fig. 3 online at: https://doi.org/10.3357/AMHP5608.2020.)

in the Appendix) to accept potentially noisy expiratory data if it
had not interfered with the inspiration portion of the breath
trace. Likewise, we provided the objective and quantitative
guidelines to robustly exclude erroneous data resulting from
human-induced errors during Phase II and Phase III (see Fig.
Cc and Fig. Cd in the Appendix, available online at: https://doi.
org/10.3357/ AMHP.5608sd.2020), respectively. We can deter-
mine the number of acceptable breath traces by using the
guidelines for the acceptable breath trace and the data collec-
tion time. Mean (SD) of the number of acceptable breath traces

in unsuited and suited conditions were 15.72 (4.52) and 28.72
(10.55), respectively. Future work should explore the minimum
data collection time at each testing condition to retain enough
acceptable breath traces for accurate characterization of perfor-
mance with several types of spacesuits.

In this study, the Pco, in each subject also was determined
by transcutaneous monitoring. A transcutaneous monitor mea-
sures the blood-gas CO, (Tcpco,) to provide an estimate of the
partial pressure of arterial CO,. We compared Tcpco, with our
CO, variables (TWAs and E,co,) to determine if there is any
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TARGET METABOLIC RATE TARGET METABOLIC RATE
UNSUITED (BTU-h™") SUITED (BTU-h™")
VARIABLE, UNIT RESTING 1000 2000 RESTING 1000 2000 3000
Group 1 Metabolic Rate, BTU-h™" 36241 (41.05) 1019.59(52.17) 1557.14(82.80)  572.16(55.43) 113945 (82.89)  2017.73(154.73) 2669.75 (118. 59)
(N=7) HeartRate, bpm 89.88 (3.20) 134.66 (2.53) 15140 (3.80) 66.04 (4.10) 11081 (3.95) 139.07 (3.76) 126.72 (3.1
Acceptable breath, % 92.65 (7.72) 100.00 (0.00) 98.89 (2.48) 53.50 (24.66) 71.45 (18.65) 84 07 (10.24) 74.97 (14, 78)
Data collection time, s 60.72 (0.74) 60.55 (0.60) 60.69 (0.69) 163.82(9646) 16431 (96.85) 89 (22.39) 90.83 (43.85)
Maximum TWA, mmHg*s 6.89(1.81) 4.10(1.05) 4.12(0.89) 4.83(1.07) 9.06 (1.34) 1230(W 4) 1553 (1.61)
Minimum TWA, mmHg*s 5.19(1.61) 249(0.80) 203(0.58) 3.97(0.96) 7.76 (1.15) 1027(W 7) 1288 (1.51)
E.co,, mmHg 38.65 (W 97) 3540 ( 7) 3471 ( 9) 31.64 (4.33) 36.50 (3.82) 5(3.35) 45 22 (3.63)
Tcpco, mmHg 35.73(0.32) 3767 (0.39) 39 20 (0.34) 9(0.27)
Group2 Metabolic Rate, BTU-h™"  366.71 ( 14) 98336 ( 10) 182751 (84.62) 74850 (65.37) 1136.77(121.97) 207116 (117.15) 31 52 53 (174.08)
(N=6) HeartRate, bpm 84.84 (2. 24) 116.08 (1.74) 43.25(2.16) 93.03 (6.07) 108.00 (5.20) 127.74 (4.17) 150.16 (3.67)
Acceptable breath, % 82.50(23.63)  100.00 (0.00) 95.96 (4.95) 49.83 (26.33) 63.77 (20.76) 82.01 (16.90) 89.89 (4.62)
Data collection time, s 60.28 (1.01) 62.17 (3.39) 60.68 (0.90) 11234 (25.67) 120.52 (0.55) 12443 (8.04) 120.70 (043)
Maximum TWA, mmHg*s 463 (0.95) 4.55(1.08) 3.83(0.94) 596 (1.17) 9.35(1.59) 12.26 (1.52) 1532(1.18)
Minimum TWA, mmHg*s 347(0.75) 2.98(0.85) 2.25(0.66) 4.94(0.99) 7.89 (1.36) 10.54 (1.19) 13.29 (0.96)
E.co,, mmHg 3747 (1.29) 3901 (2 60) 3867 (2.36) 3445 (2.92) 37.57 (4.32) 44.26 (341) 48.28 (3.14)
Tepco, mmHg 0 37.52(0.36) 3867 (045) 41.58 (041) 44, 08 (0. 38)
Group 3 Metabolic Rate, BTU-h™" 41530 (46 71) 100250 (43 21) 193580(9043) 71450(71.97) 121250(82.56) 223991 (148.64) 3391.92 (202.83)
(N=16) HeartRate, bpm 74.64 (3.13) 88.19(2.52) 12533 (3.39) 72.68 (4.46) 76.03 (4.69) 98.98 (4.61) 12273 (7. 57)
Acceptable breath, % 90.00 (14.91) 97 78 (4.97) 100.00 (0.00) 4649 (25.60) 69.93 (26.21) 79.09 (10.78) 88.65 (6.67)
Data collection time, s 66.53 (10.28) 51(1.37) 5858 (5.21) 217.57(88.03)  208.00 (93.83) 132.80 (24.00) 12040 (0.31)
Maximum TWA, mmHg*s 440(0.94) 3 98 (0.92) 354(0.72) 638 (1.29) 10.02 (1.95) 15.52(1.60) 17.94(1.67)
Minimum TWA, mmHg*s 3.37(0.90) 2.85(0.81) 2.16(0.56) 548(1.16) 8.69 (1.69) 13.56 (1.33) 15.75 (1.48)
E,co,, mmHg 3572(1.77) 4381 (2 35) 4332(2.24) 3647 (2.88) 40.35(3.39) 47.07 (3.30) 51.50(2.98)
Tcpco,, mmHg 37.32(051) 3822 (045) 40.07 (0.58) 42.03(0.59)

*Mean (SD)

evidence for increasing blood-gas CO, levels with increasing
Pco, levels in the suit as metabolic rate increases. No slope dif-
ferences between Tcpco,, TWAs, and E,co, were found when
evaluating the significance of fixed effects (Table III). Fig. 3
showed the slopes of Tcpco,, TWAs, and E,co, were all positive,
which means that all CO, measurements and the metabolic
rate are positively correlated. NASA pursues a standardized
methodology of the Pco, quantification in spacesuits to verify
if ventilation designs maintain safe levels of CO, during suited
operations.

The EMU has been used 449 times during flight EVAs from
1983 to 2019, as well as for training at the Neutral Buoyancy
Laboratory (NBL). The major objectives of flight EVAs are con-
sistently accomplished and the authors are aware of reported
symptoms consistent with high CO, during EVAs performed in
the EMU spacesuit. Metabolic rates obtained in the EMU are
typically measured between 800 and 1200 BTU - h™! and rarely
exceed 1500 BTU - h™! during flight EVAs and NBL runs. Our

Table V. Group Comparison.

VARIABLE, UNIT TEST numDF denDF F-VALUE P-VALUE
Maximum TWA, mmHg*s Intercept 2 15 049 0.62
Slope 2 1862 1.20 030
Minimum TWA, mmHg*s  Intercept 2 15 0.63 0.55
Slope 2 1862 1.53 022
E.co,, mmHg Intercept 2 15 0.63 0.55
Slope 2 1862 1.53 0.22
Tcpco,, mmHg Intercept 2 15 0.14 0.87
Slope 2 1862 235 0.10

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 91,No. 12 December 2020

assumption was that the performance of EMU CO, washout
has been operationally acceptable for the metabolic rates gener-
ated during both during NBL training and flight EVA. How-
ever, the new design for the exploration EMU (xEMU) allows
astronauts to move around much more dynamically, probably
with higher metabolic rates. NASA initially defined Spacecraft
Maximum Allowable Concentrations (SMACs) for habitats
based on data from ambient wall-mounted sensors. However,
within a spacesuit, the precise location at which gas is sampled
significantly affects the measured Pco, values. Therefore, the
level of Pco, measured from the gas being inspired by users of
the xEMU should be quantified and defined using a valid and
reliable methodology. This is the first methodology that dem-
onstrated a quantitative and standardized methodology neces-
sary for calculating Pco, concentration experienced by persons
in a pressurized spacesuit. The EMU CO, washout data
described herein was a primary consideration in the subse-
quent development of the inspired CO, requirements for the
new XEMU spacesuit, which will be detailed in our future work.
Future work also will introduce the EMU/XEMU requirements
about the acceptable limit on the TWA, provide a way to com-
pare in-suit CO, values of the EMU/XEMU, and develop expo-
sure standards for suited EVA exposures.

The present study involved several limitations. First, our
results for each group are limited to the small sample sizes
inherent to research involving NASA personnel. Thus, our
results should not be generalized beyond the testing environ-
ment in this study. The physiological measures (e.g., heart rate)
may further clarify with a large number of qualified subjects.

929

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



SPACESUIT INSPIRED CO, LEVELS—Kim et al.

A
25 4 .
—~201
(¢]
w . .
.; Predictions
]E: = Overall
15 4 — J
,_E, Subjects
<
E Group
g 10 1 - Group 1
= ~* Group 2
= -+ Group 3
1]
= 54
04
1000 2000 3000 4000
Average Metabolic Rate (BTU/hr)
C
P 20
501
Predictions
o) = Overall
T . :
= Subjects
£
Q' 407 Group
Q. -
i Group 1
-+ Group 2
- Group 3
301
[ )%
-
»
1000 2000 3000 4000

Average Metabolic Rate (BTU/hr)

25 1
©
Q o
o Predictions
:‘EEJ) = Qverall
— Subjects
£ je
s
B Group
£ -+ Group 1
g - Group 2
= ~- Group 3
=
0
1000 2000 3000 4000
Average Metabolic Rate (BTU/hr)
10
501
451 Predictions
:f:; = Overal
[ Subjects
E
401
o'
o Group
2 - Group 1
= - Group 2
351 -+ Group 3
ry ) .
.77_,/_7.,,
301 =k
»
L]
10.1'.}0 20.00 BOIDCI 40.()0

Average Metabolic Rate (BTU/hr)

Fig. 4. Group comparisons: A) maximum TWA, B) minimum TWA, C) E,co,, and D) Tcpco,. (See color version of Fig. 4 online at: https://doi.org/10.3357/

AMHP5608.2020.)

Next, the current NASA Standard Testing Procedure recom-
mends that all data will be visually assessed prior to final data
reporting to verify any automated computational errors did not
occur.* Due to noise effects resulting from the human-in-the-
loop nature, it is likely that fully automating the analysis in a
way that accounts for all subject differences in breathing pat-
terns and data may not be possible. In the case of disagreement
with identification, it is recommended that multiple reviewers
manually interpret the data and a consensus is reached. Though
we could not find any computational errors with the current
dataset for this study, future work using crewmembers’ data is

needed to fully validate and understand the potential benefits of
the proposed automated approach.
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APPENDIX A.

This appendix introduces the standardized criteria: 1) to quan-
titatively detect the E,co, and inspiration end; 2) to objectively
determine acceptable breath traces; and 3) to automatically cal-
culate Pico, from the accepted inspiratory breath traces in a
consistent and accurate manner.

The respiratory waveform has a sloped decrease and increase
after the E.co, (blue circle) and inspiration end (red cross),
respectively (see Fig. A). Detection of such abrupt changes has
been considered as one of the important practical problems
arising in various applications.*! In this study, we have consid-
ered a mathematical optimization method which is commonly
used to find the best solution to a problem by maximizing or
minimizing an objective function with respect to constraints.
Specifically, we applied a parametric global optimization
method based on a penalized contrast to automatically find all
the dominant slopes in the respiratory waveform.** In the para-
metric method, the procedure becomes straightforward when
the number of changes is known. When the number is unknown,
a penalty term, which is responsible for over- or under-fitting,
should be added to the contrast function. For example, if the
number of change points were over- or underestimated, less
drastic changes could possibly be missed out or unnecessarily
added. In the extreme case, the most drastic change or every
point could be considered as a change point, respectively. To
create a guideline to accept potentially noisy expiratory data, we
counted the number of zero crossings (red filled circles in Fig.
Aa) in a demeaned and smoothened waveform (a red dashed
line in Fig. Aa). Specifically, we subtracted a mean of the wave-
form and smoothed the demeaned waveform with a moving
average using a Gaussian window of length 100 at the 50 Hz
sampling rate. In Fig. Aa, 22 zero-crossings were counted that
are matched with the number of dominant slopes. Given the
number of zero-crossings, an optimization algorithm based on
dynamic programming with early abandonment was used to
minimize the contrast function.** Fig. Ab shows all the detected
slopes (green dashed lines) in the respiratory waveform as a
result of the optimization algorithm.

A step-by-step flow chart for automatically detecting the
inspiration start and end is presented in Fig. B. As described in
the flow chart, we detected the inspiration start and end by
tracking differences between adjacent samples in the negative
time direction based on time instants of dominant slopes. Fig.
Ac shows the inspiration start (blue circles) and end (red
crosses) in the respiratory waveform. Even though significant
noise is present during the expiration phase and plateau (Fig.
Ac), we were successful in automatic detection of the inspira-
tion start and end by choosing a point clearly on the inspiratory
down- and up-slope. Finally, P;co, concentration was calcu-
lated by integrating the area underneath the inhalation portion
of the curve as shown in Fig. Ac (green areas). Traditional
investigations on the detection of change-points could be
affected by small amounts of signal noise. However, Fig. A
shows that our method robustly detected the E,co, and inspira-
tion end points.

Identification of acceptable breath traces from within a data
set is essential to accurate calculation of the in-suit P;co,. Due
to the variability associated with HITL testing (e.g., subject size,
suit fit, physiology, etc.), ventilation designs, and suit configura-
tion, there is no single method that can be applied across all suit
configurations and tests. Considering this, guidelines for deter-
mining acceptable traces for analysis have been established to
provide a consistent method by which this analysis can be com-
pleted. The following are descriptions of acceptability criteria at
each phase of the breath (see Fig. Ca):

i. Phase I (plateau during the expiration phase and sloped
decrease after inspiration start): Breath is acceptable if the
amplitude of inspiration start (blue circle) is greater than
90% of the amplitude of the starting point in the plateau
period (red circle) as shown in Fig. Cb. The knee point
detection algorithm®® provides the point of maximum cur-
vature (red circle) after the inspiration end (red cross: X)
that is a mathematical measure of how much a function dif-
fers from a straight line.*>*” If the amplitude of inspiration
start (blue circle) is less than 90% of the amplitude of the
starting point in the plateau period (red circle) (Fig. Cb), the
breath is unacceptable. The shape of the plateau between the
inspiration end and the next inspiration start is variable
depending on the type of suit. This guideline provides a con-
sistent and mathematically justifiable answer regardless of
the shape of the plateau during Phase I.

ii. Phase II (plateau during the inspiration phase): Breath is
acceptable if the plateau during Phase II is maintained flat
without an error in measurement. To detect an unexpected
error during Phase II, a decision threshold derived from the
first derivative of the waveform of Phase I1 is set (Fig. Cc). If
the amplitude of the first derivative of the waveform is
greater than 3 (mmHg/s), the breath is unacceptable.

. Phase 1II (sloped increase after inspiration end): Breath is
acceptable if the inspiration slope is continuously increasing
without an error in measurement. During the process to
find an inspiration end point from a sloped increase, this
unwanted peak (Fig. Cd) can be detected as a fake inspira-
tion end point before reaching the start point of Phase IIL
The inspiration end point is, therefore, a wrong choice and
the breath unacceptable if 90% of the amplitude at the inspi-
ration end point is greater than the average of adjacent inspi-
ration end points.

=

ii

The maximum TWA Pco, is calculated for each breath as
identified above. The total area between the identified inspiration
start and inspiration ends is calculated using an approximate
integral via the trapezoidal method with unit spacing. This total
area per breath is divided by the time duration between the
E.co, and inspiration end points for that breath to result in the
maximum TWA Pco,. All individual Pco, maximum TWAs
are reported as individual breath data points, which can then be
used to characterize the spacesuit performance.

Benchtop testing demonstrated that even if pure sources of
gas are used, mixing effects remain as a result of the measure-
ment hardware.? If no mixing effects were present, switching a
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valve from 3 to 0% would result in an immediate drop in CO,
value measured; however, a square wave during testing was not
observed. The scale of the mixing can be found for each data
point before measurement of 0% gas is observed as each data
point should report 0% in a perfect washout case. The percentage
difference between gas 1 (3%) and gas 2 (0%) during this transi-
tion is the degree of uncertainty in the measurement. Each
acceptable breath collected is scaled with these percentage differ-
ences to identify the area of inspiration that is affected by hard-
ware induced mixing effects. These inspired data are considered
real; however, it is not possible to definitively state what portion is
attributable to the suit washout performance versus the sampling
hardware. This only serves to bound the potential minimum
(excluding uncertainty) and maximum Pco, value. Both values
are reported. Fig. Da plots an “inspiration trace” collected in the
benchtop testing between two known gasses illustrating the mix-
ing effect and indicating the scaling factors for each data point
between gas 1 and gas 2. Fig. Db and Fig. Dc¢ illustrate the area
that is removed from the maximum calculation when these scal-
ing factors are applied to calculate the minimum Pco,.
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