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R E S E A R C H  A R T I C L E

One of the primary goals of toxicologists supporting 
NASA’s human spaceflight programs is to identify sig-
nificant risks to astronaut health from air pollution in 

vehicles or habitats.8 Exposure to volatile contaminants during 
flight have caused a wide range of toxicological responses, 
from slight irritation of mucous membranes to life-threatening 
hypoxia.2,5,14,21 Other important exposure symptoms include 
effects such as central nervous system depression and visual 
disturbances, which are closely monitored to avoid perfor-
mance decrements.6,29 Thus, identification and quantification 
of compounds known to be detrimental to human health allows 
for the development of strategies to control them.10,25,26 Toxico-
logical risks from air pollutants in space habitats originate from 
many sources, including entry of external propellants, offgas-
sing from polymeric materials, leakage of systems compounds, 

escape of payload materials, and metabolism by microbes, labo-
ratory animals, and humans.4 Therefore, information learned 
via ground-based and in-flight analysis of air samples regarding 
the identities of chemicals in crew inhabited volumes is impor-
tant. Many of the compounds detected in NASA’s air sampling 
efforts, such as formaldehyde, carbon monoxide, or siloxanes, 
arise from offgassing of new materials incorporated into the 
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vehicle or module structure.9,27 In addition, components of 
payload materials and materials associated with payload and 
system operations are common sources of released compounds 
(offgassed or leaked) that may present a significant crew hazard, 
such as lubricants, adhesives, cleaning agents, and tissue fixa-
tives.7 An historical analysis of air quality data revealed trends 
in elevated volatile organic compounds (halocarbons) associ-
ated with vehicle docking during the NASA-Mir program 
(1993–1998) and on the International Space Station (ISS; 1998–
2006).9 In a study at NASA Marshall Spaceflight Center wherein 
predictive techniques were used to determine contaminant 
control system performance, it was determined that carryover 
of air pollutants from attached modules and spacecraft was 
significant and should be considered when planning vehicle 
docking for crew exchanges or logistical flights.24 Even a minor 
offgassed product, such as formaldehyde, can accumulate in the 
ISS environment, but is controllable using aggregate data from 
module offgas testing to estimate the rate and amount of chemi-
cal release and plan accordingly.27 These studies highlight the 
importance of accurately predicting air quality at first ingress to 
prevent detrimental health effects.

The Toxicology and Environmental Chemistry (TEC) group 
at the Johnson Space Center (JSC) has performed offgas tests 
(OGTs) on new modules and vehicles scheduled to fly to ISS 
since 1998. There are two primary reasons for carrying out 
OGTs. First and foremost is to protect the crew from adverse 
health effects of accumulated volatile pollutants when they first 
enter the module/vehicle on orbit. For example, if an OGT 
reveals an elevated concentration of a specific compound, pre-
flight mitigation, including implementation of an additional 
breathing air purge, may be recommended. In-flight proce-
dures may also be advisable in response to an elevated OGT 
result, such as requesting a “hold-out” period to allow ISS air 
dilution of the docked vehicle before crew initiates unpacking 
or other activities. The OGTs are also performed to determine 
the additional pollutant load that ISS cabin atmosphere revital-
ization systems must handle. This ensures that environmental 
control and life support systems are appropriately sized to 
handle expected contaminant loads and support resupply 
planning for expendable items (e.g., charcoal beds) designed to 
remove trace contaminants from the habitable environment.

To measure the amount of accumulated pollutants, the 
module is sealed for at least one-fifth of the worst‐case time 
interval that is expected to occur between the last clean air 
purge on the ground and the crew’s first entry on orbit. This 
time period can range from a few days to a few months. Typi-
cally, triplicate samples are taken at preplanned times through-
out the ground-based OGT. Samples are then analyzed by 
gas chromatography (GC) and gas chromatography-mass spec-
trometry (GC/MS), and the rate of accumulation of pollutants 
is then extrapolated over time. The analytical values are divided 
by compound-specific 7‐d Spacecraft Maximum Allowable 
Concentrations (SMACs). These ratios are then summed, 
resulting in a predictive total toxicity value (T‐value) at the time 
of first entry.11,12 SMACs for approximately 50 compounds have 
been published on the most relevant compounds for the 

spaceflight environment.16–20 Interim values are developed for 
contaminants that do not have published SMAC values. SMACs 
have been developed for various durations of exposure. A 7-d 
SMAC protects against compound-specific toxicological effects 
for 7 d. Although exposure to contaminants introduced from 
docked vehicles are quickly diluted with the ISS atmosphere, 
use of 7-d SMACs ensures health protection. T‐values and the 
toxicological effects of specific pollutants that contribute most 
to the overall toxicity are then used to guide first entry opera-
tions. Finally, results can be compared to first entry samples 
collected on orbit to determine the predictive ability of the 
ground‐based OGT. However, ingress sample collection delay 
can make prediction a challenge. Delay following hatch open-
ing allows for mixing of vehicle or module air with ISS air, 
which reliably contains biological waste products and systems 
chemicals such as volatilized octafluoropropane (Freon 218), a 
relatively inert on-orbit coolant fluid. Therefore, the presence of 
such chemicals in ingress samples is indicative of delayed sam-
ple collection.

Since OGT analyses are not conducted on orbit prior to 
first ingress, the safety of ingressing crewmembers relies on the 
accuracy of the toxicity predictions made based on the preflight 
OGTs. To determine historical accuracy in predicting air qual-
ity at docking, OGT and first ingress data collected from five 
vehicles [SpaceX-Demo (SpX-D), SpaceX-1 (SpX-1), SpaceX-3 
(SpX-3), Orbital-Demo (Orb-D), Orbital-1 (Orb-1)] and five 
modules [Nodes 1-3, Multi-Purpose Logistics Module (MPLM), 
U.S. Lab] were compared. Testing of these vehicles occurred 
over the period from 1998 to 2015. OGTs are not performed on 
every vehicle and module. Therefore, only those for which both 
OGT and first ingress data were collected are included in this 
analysis. In addition, we examined factors, including ingress 
sample collection delay and compound stability over time, 
which could affect predictive capability.

METHODS

The OGTs were conducted on sealed modules as they were 
being added to the ISS and on sealed vehicles that were later 
launched and docked to ISS (Fig. 1). Details for each vehicle 
and module tested, including sampling dates, percentage load-
ing by mass, hatch closure to ingress interval, primary T-value 
contributors, carbon dioxide and octafluoropropane values, 
factors potentially affecting predictive capability, and analytical 
recoveries are presented in Table I.

Grab sample containers (GSCs) with passivated (polished, 
cleaned, and resistant to corrosion) internal surfaces were used 
to collect samples. GSCs of 500 mL volume were used for all 
preflight OGTs. GSCs with a volume of 375 mL were used for 
first ingress sampling through May 2010 (after Node 3 ingress). 
By August 2010 (before SpX-D ingress), 187-mL GSCs were in 
use exclusively for on-orbit first entry sampling, replacing the 
bulkier 375-mL canisters. Before they were used, all GSCs were 
checked for leaks, cleaned, verified clean (proofed), and injected 
with known amounts of control compounds (dosed). The leak 
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check procedure ensured that valves and fittings were not dam-
aged and could maintain a vacuum before sampling. After an 
initial evacuation to a pressure , 0.05 psia, the GSCs were con-
nected to the pressure monitoring station and evacuated fur-
ther to allow the pressure in the GSCs to equilibrate to 0.01 
mbars. The GSCs were removed from the manifold for at least 
96 h and then reattached to the vacuum manifold to determine 
whether they maintained pressure. The allowable pressure 
change was # 0.01 mbars (# 0.01 cc/mo). After the leak check, 
canisters were cleaned in an Entech 3100 Canister Cleaning 
System to remove contaminants to , 5 ppbv for each identified 
volatile organic compound with an exception of , 10 ppbv for 
acetaldehyde. The canisters were proofed to be clean by an 
Agilent GC/MS system. Once the canisters were proofed, they 
were reattached to the vacuum manifold and evacuated to 0.01 
mbars before dosing. Canisters were vapor-dosed (10 cc) with a 
surrogate standard mixture containing 13C-acetone, fluoroben-
zene-d5, and chlorobenzene-d5 for quality control purposes 
and to determine sample integrity. Primarily, the surrogate lev-
els are used as a guide to inform TEC scientists when a sample 
has leaked.

The preflight OGT testing interval was required to be, at a 
minimum, one-fifth of the planned elapsed time between final 
vehicle/module closeout and on-orbit crew entry (e.g., a 6-d 
test would be required for a 30-d flight). We generally required 
that at least 75% of the cargo be present at the time of the 

Fig. 1.  Top left: ground-based OGT using 500-mL grab sample container (GSC). Top right: mini-GSC (187 mL). Bottom 
left: Cygnus docked to ISS. Bottom right: docked Cygnus following hatch opening.

ground-based OGT. A standard 
test consisted of three sets of three 
samples. Of the triplicate sam-
ples, the first generally served as a 
line purge to clear any extraneous 
contaminants and the other two 
samples were analyzed as dupli-
cates. Therefore, the time between 
taking the three samples of a given 
set did not exceed 5 min. Back-
ground samples of facility air were 
also collected (generally within a 
few feet of the vehicle or module) 
before the first sampling set for 
each vehicle or module.

Samples were placed into 
certified-clean GSC containers by 
opening valves for approximately 
10 s for collection. GSCs were 
then returned for analysis to 
the NASA JSC TEC Laboratory 
within 3 d of their acquisition. 
The atmosphere inside the speci-
men container was analyzed to 
quantify the offgassed compounds.

Archival first entry samples 
were collected on-orbit to verify 
the results of the preflight OGT 
and to characterize crew expo-
sures. This process involved using 

1 GSC to sample the air as quickly as practical after the module 
hatch was opened to ensure the sample was representative of 
the atmosphere of the vehicle/module (i.e., mixing with the ISS 
atmosphere is minimal). The first ingress sample was then 
returned to the ground for detailed GC and GC/MS analyses. 
The interval between ingress sample collection and analysis at 
NASA JSC ranged from 18–38 d.

Sample Analysis
Sample analyses were initiated as soon as practical after receipt 
of samples into the laboratory (usually the day after receipt). 
Samples were then pressurized as necessary with ultra-high 
purity nitrogen to ensure adequate sample volume. First 
ingress samples were typically pressurized to approximately 
twice the original volume, whereas vehicle offgas samples did 
not require pressurization because of their much larger sam-
ple volume. Aliquots of the samples were then used to quan-
tify several analytes using GC, and then the remainder of the 
sample was used to perform analysis of volatile organic com-
pounds (VOCs).

Vehicle/module OGT samples were analyzed for carbon 
monoxide using a GC with a pulsed discharge helium ioniza-
tion detector. Additionally, these samples were analyzed for 
VOCs with a GC-flame ionization detector. The GC-flame ion-
ization detector method was used for the reporting of high 
levels (above 0.3 ppm) of methanol, ethanol, isopropanol, 
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2-butanone, and acetone. Reported concentrations were quan-
tified using a minimum of 4-point calibration curves. On-orbit 
first entry samples were analyzed using the same methods 
described above, except they were also analyzed for methane, 
hydrogen, and carbon dioxide.

The VOC analysis was based on EPA Method TO-15,3 which 
was modified to enable the analysis of numerous polar com-
pounds known to be present in cabin atmospheres.22 The analy-
sis included concentrating the VOCs and then separating the 
mixture into its components for subsequent identification and 
quantitation. This process was accomplished by introducing 
samples into an integrated analytical system consisting of an 
automated inlet system, a GC, a mass selective detector, and a 
data system. The GSC was first connected to an automated inlet 
device containing a series of traps for the management of water 
and carbon dioxide present in the samples. The concentrated 
sample was then refocused using liquid nitrogen to achieve 
better chromatography and injected onto the GC capillary 
column where the sample components were separated and 
resolved. Resolved sample components were then transferred 
into a mass selective detector operating in the scan mode where 
their specific electronic signatures (mass spectra) were stored 
for subsequent identification and quantification. If, during data 
reduction, unidentified peaks with an area larger or equal to 
10% of the peak area of the internal standard were found, all 
efforts were made to identify them by comparing their spec-
trum to the National Institute of Standards and Technology 
library. For unidentified VOCs, published reference values were 
used for quantitation.1 For those compounds having more than 
one reference value, an average value was used.

Acceptance limits for quality control checks were defined 
in the work instruction for each analytical method. When 
quality control criteria could not be achieved, corrective 
action and troubleshooting of instrumentation was required 
and documented.

During canister preparation, a minimum of one labora-
tory control was prepared for every five GSCs dosed. After 
sample canisters were received into the TEC Laboratory, the 
canisters were logged into a sample logbook and laboratory 
tracking numbers were generated. For sample analysis, 
instrumentation was demonstrated to be linear over a wide 
range of concentrations and determined to be stable as 
shown by daily calibration verifications using standard mix-
tures. To assess the accuracy of sampling and GC/MS analy-
sis process, air samples were measured as the percentage 
recovery of a minimum of three surrogates spiked in the 
GSCs during preflight preparation. These results were com-
pared to laboratory surrogate controls, prepared during both 
preflight and postflight processing. Finally, analytical results 
were verified by use of an independent computer calculation 
routine and the Internal Quality Representative conferred 
with analytical chemists, when necessary, to ensure that all 
data generated were scientifically sound and of acceptable 
precision and accuracy. All documentation was maintained 
by the Internal Quality Representative in hardcopy and/or 
electronic form.

Toxicological Evaluation
Toxicologists at NASA JSC, in collaboration with the National 
Research Council, establish SMACs, which are exposure limits 
intended to provide guidance for nominal and emergency situ-
ations.15 Short-term (1 h and 24 h) SMACs apply to off-nominal 
or emergency situations and allow for minor health effects. 
SMACs of 7-d, 30-d, 180-d, and 1000-d duration apply to vari-
ous past, present, and future mission durations and are expected 
to protect against all health effects. All contaminants found in 
the preflight OGT and in-flight ingress samples were compared 
to their respective 7–day SMACs,12 which is conservative con-
sidering the short exposure duration that occurs before mix-
ing with the ISS atmosphere, but ensures that exposures are 
health protective. Using the SMAC for each offgassed com-
pound, the overall toxicity rating was determined by divid-
ing the measured concentration by the 7-d SMAC, resulting 
in a compound-specific T-value. T-values for compounds that 
increased over the course of the test, indicating products gener-
ated from offgassing, were summed to provide a total T-value 
and divided by the number of days over which the increase 
occurred to establish a rate of T-value increase per day. This 
rate of increase during the OGT is then used to predict the 
T-value (Tpredicted, or Tp) at hatch opening on-orbit (Tactual, or Ta) 
based on the number of days between final prelaunch hatch clo-
sure and hatch opening on-orbit and the percentage by mass of 
cargo present in the vehicle at the time the test occurred. The 
general method for calculating Tp involves determining the 
amount of T accumulated during each of the OGT sampling 
intervals using the equation

#         ×          
   

%           
p

of daysmodule sealed rateof T increase per day
T

cargo present at test bymass
=

We assumed that the rate of accumulation during each of the 
OGT intervals would provide an upper bound on the T accu-
mulated during intervals of equal duration following final hatch 
closure and air purge. We further assumed that during that por-
tion of the interval between hatch closure and ingress that 
exceeds the sum of the OGT intervals that a worst case estimate 
of the rate of accumulation of T during that time would be 
obtained by assuming that the rate was the same as that of the 
last OGT interval. Thus, for example, if OGT samples were col-
lected on 3 consecutive days (days 0, 1, and 2):

2( - 1)
=  ( 1    1) + 

% 
p

R Lci L
T R x L

Cargo

In which:
R1 and R2 5 Daily accumulation rate for OGT interval 1 

and 2, respectively;
L1 5 Length of OGT interval 1; and
Lci 5 Length of the interval between hatch closure and 

ingress.
Background, measured from samples of facility air that were 

collected within a few feet of the vehicle or module, was not 
included in the calculations because it was determined to be 
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Fig. 2. P redicted T-values at first ingress (dark gray) and actual T-values at first 
ingress (light gray) from five commercial vehicles (SpX-D, SpX-1, SpX-3, Orb-D, 
and Orb-1) and five ISS modules (Lab, MPLM-1, Node-1, Node-2, and Node 3) as 
a function of the OGT-to-ingress interval.

insignificant. Also not included in the calculation of Tp were 
any compounds that did not increase during the OGT (slope , 
0.00001) and decreased in concentration over the last interval.

Statistical Analysis
A linear regression analysis was performed to evaluate the rela-
tionship between T-values (Tp 2 Ta, or DT) and octafluoropro-
pane levels. The significance of the association was assessed via 
an independent samples ANOVA test where P , 0.05 was con-
sidered significant.

RESULTS

As expected, the predicted T-values were conservative (higher 
than the actual ingress values) for SpX-D, Spx-1, SpX-3, Orb-1, 
Lab, MPLM-1, and Node-1; however, the actual T-values for 
Orb-D, Node 2, and Node 3 were underpredicted (Fig. 2). No 
clear trends were apparent when DT was plotted by number of 
days between OGT and hatch opening. Likewise, there was no 
significant association between DT vs. time between sample 
collection or percentage vehicle loading (data not shown).

Data for SpX-D illustrate the importance of an appropriate 
test duration. The original predicted button-up period (hatch 
closed) was 10 d, so the OGT was conducted for 4 d. However, 
unexpected launch delays resulted in an actual button-up 
period of 33 d, and our short test and linear extrapolation 
method for calculating Tp significantly over-predicted the Ta at 
first ingress. This result is expected as offgassing rates tend to 
decrease over time. Data for Node 3 indicated the presence of 
propenal (acrolein) at first ingress that was not detected during 
the OGT. Even a trace amount of this compound will drastically 
affect the T-value, as the SMAC is set at a very low ceiling limit 
(0.03 mg · m23) to protect against mucosal irritation. The 
source of propenal, a compound that is relatively ubiquitous in 
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foods and the environment, was 
not identified. The primary con-
tributors to preflight and ingress 
T-values are listed in Table I.

Analytical recovery in samples 
collected at first ingress was slightly 
greater than in OGT samples col-
lected for SpX-1, and the opposite 
was true for Node 3. Recovery for 
Node 3 ingress samples was deter-
mined to be low due to high inter-
ference from octafluoropropane 
during analysis. However, evalua-
tion of prediction trends observed 
for SpX-1 and Node 3 (Fig. 2) did 
not indicate that recovery percent-
age had any substantial impact on 
T-value predictive capability. The 
average recoveries for the surro-
gates were within the normal range 
expected for our method.

To evaluate the effect of sam-
ple collection delay on prediction 
accuracy, the percentage change 
in overall T-value was compared 
to the carbon dioxide T-value at 
first ingress (Ta) (Fig. 3A). Results 
indicate that carbon dioxide concentration did not correlate 
well with DT values (R2 5 0.0034, P 5 0.9015). Carbon dioxide 
varies considerably on ISS. Levels are associated with scrubbing 
efficiency at the time of sampling and factors that result in fluc-
tuating generation of carbon dioxide, such as the amount of 
time the crew exercises each day. There was also no relationship 
between DT and methane or hydrogen, other compounds fre-
quently detected at ingress only. This detailed information can 
be viewed online (auxiliary Table A; https://doi.org/10.3357/
AMHP.4702.2017). However, a fairly strong association (R2 5 
0.9008, P 5 0.0038) was observed between octafluoropropane 
concentration and the DT (Fig. 3B), indicating that this com-
pound may serve as an excellent normalization factor to adjust 
for ISS air dilution of samples (e.g., sample collection delay). 
Unlike carbon dioxide, there are no metabolic sources of octa-
fluoropropane on ISS that would potentially confound results. 
Thus, the octafluoropropane concentration is generally more 
stable on ISS, except during the infrequent event of a leak.28 
Furthermore, this compound is not efficiently scrubbed from 
the air, so the primary loss mechanism is through nominal, low 
level ISS air leakage and dilution as vehicles dock.

The percentage change in overall T-value at first ingress was 
plotted against carbon dioxide (Fig. 3C) and octafluoropropane 
(Fig. 3D) T-values at first ingress to visualize the effect of sam-
ple collection delay. When a known or suspected sample collec-
tion delay occurred for a vehicle or module, based on either 
actual reports or high carbon dioxide and octafluoropropane 
values, T-values tended to occupy a smaller area of the graph 
in the case of octafluoropropane. However, octafluoropropane 

Fig. 3. C hange in overall T-value (DT) was plotted against A) carbon dioxide and B) octafluoropropane concentra-
tions at first ingress. Percentage change in the overall T-value at first ingress as a function of C) carbon dioxide and D) 
octafluoropropane T-value at first ingress was also plotted to examine the effect of sample collection delay. Vehicles 
and modules having a known or suspected sample collection delay based on actual reports or high carbon dioxide 
and octafluoropropane values are represented in black. Vehicles and modules for which no known or suspected 
delay occurred are represented in gray. Note: The Node 3 octafluoropropane level has been excluded as an outlier 
(disproportionately high due to a leak on ISS).

does not affect T-values to the extent that a more toxic volatile 
would, so it is not surprising that a consistently low T-value was 
calculated for cases in which there was a known or suspected 
delay in sample collection. The Node-3 octafluoropropane level 
was excluded as an outlier in Figs. 3B and 3D due to dispropor-
tionately high levels following a leak on ISS.

Consistent with NASA Environmental Control and Life 
Support Systems engineering analysis of OGT and in-flight 
contaminant concentrations from July to October 2009,23 eval-
uation of our results by compound revealed that, of the com-
pounds that contributed to T-values, 2-butanone was typically 
over-predicted (Tp . Ta) in all but Node 2, whereas others, 
including ethanol, methanol, acetone, and hexamethylcyclo-
trisiloxane, were frequently underpredicted (Tp , Ta) (refer to 
auxiliary Table A online). Octafluoropropane was consistently 
present at ingress only, indicating that it was present only in ISS 
air that had begun to mix with vehicle or module air following 
hatch opening. Compounds that were present during the OGT 
only were either assumed to have degraded to molecular spe-
cies not analyzed or, in the case of more polar compounds (e.g., 
acetaldehyde, methanol, and siloxanes), lost as a result of adhe-
sion to inner surfaces of the GSCs. The percentage contribution 
of compounds detected in air collected from each vehicle and 
module is represented in Fig. 4. In some cases (i.e., MPLM, 
Node 1, SpX-D), a larger number of offgassed compounds 
that were toxicologically relevant only during the OGT were 
detected, suggesting that molecular degradation occurred. In 
other samples, particularly SpX-1 and SpX-3, a substantial per-
centage of compounds detected were only found in the ingress 
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sample, indicating that the contribution likely originated 
either from ISS air or from cargo added after the OGT was 
performed.

DISCUSSION

It would be reasonable to assume that the closer the percentage 
loaded mass is to actual mass at docking, the more accurately 
first ingress T-values could be predicted. However, we did not 
observe any correlation between percentage of loaded mass and 
predictive accuracy, possibly because there was a known or sus-
pected delay in sample collection four out of five times that the 
amount of cargo loaded was less than 100% (refer to Table I). As 
expected though, compounds detected at OGT tended to be the 
same compounds detected at first ingress. This was especially 
true for trimethylsilanol, a volatile siloxane that originates from 
the degradation of silicone-based materials. Of the compounds 
that were detected in either the OGT or first ingress samples for 
a vehicle or module, only an average of 19% were not detected 
in both samples.

Delaying collection of the first ingress sample after hatch 
opening on orbit will depress first ingress T-values as a result of 
sample dilution with cleaner ISS air. As time passes, contami-
nants from docking vehicles disperse into ISS air, which has 
been observed with intermodule ventilation following Space 

Shuttle contaminant carryover.24 Due to air mixing, carbon 
dioxide produced by ISS crew will infiltrate the docked vehicle, 
therefore carbon dioxide T-values are expected to be low in 
samples taken immediately after hatch opening and higher if 
there is a delay. High carbon dioxide in the ingress U.S. Lab 
sample indicates that the module had been open for an extended 
time, allowing air mixing to occur before the ingress sample 
was taken. This is the most plausible explanation for the large 
difference between predicted and actual T-values for the U.S. 
Lab. However, using the octafluoropropane concentration to 
correct for ISS air dilution will produce a more accurate esti-
mate of air pollutant concentration at first ingress since this 
compound is only found on the ISS and does not fluctuate as 
frequently or to the degree that carbon dioxide does (refer to 
Fig. 3). Carbon dioxide concentration is also likely to differ 
depending on the distance between the GSC and the sample 
collector, who is exhaling approximately 4% carbon dioxide. 
For these reasons, carbon dioxide is a less suitable indicator of 
ISS air mixing. Octafluoropropane should not be used as a nor-
malization factor if a leak has recently occurred on the ISS, as 
was the case for Node 3 ingress.

The type of cargo loaded and postoffgassing chemical stabil-
ity are also factors that may result in differences between 
predicted and actual T-values.23,24 Previous VOC long-term 
stability test results in the TEC laboratory indicated that signifi-
cantly lower concentrations of reactive polar compounds could 
be expected after 20 wk of sample storage in the mini-GSC con-
tainers (Beck S, Cheng P. Internal NASA report; 2009). In that 
internal study, eight compounds (four aldehydes, two ketones, 
one ester, and one ether) were identified as exhibiting significant 
losses. They included propenal, acetone, butanal, 2-butanone, 
ethyl acetate, 2-butenal, 1,4-dioxane, and 2-pentanal. In this 
study, we found that 2-butanone was overestimated (Tp . Ta) in 
all but one case (Node 2), but did not observe a similar consis-
tent trend with the other compounds from the previous study. 
While the number of days between ingress sample collection and 
analysis ranged from 19 to 38 d, the amount of time passing 
between OGT sample collection and analysis ranged from 4 to 
55 d, suggesting that OGT T-values could have been underesti-
mated in the case of Node 3. This serves as another potential 
explanation for one of the two underpredictive scenarios repre-
sented in Fig. 2.

There have been several instances during recent spaceflight 
history in which air concentrations of chemicals measured dur-
ing first ingress were significantly higher than predicted by pre-
flight OGTs. However, NASA TEC and others have been able to 
identify specific events that are believed to have been responsi-
ble for discrepancies between the predicted and measured first 
ingress T-values. For example, after the Japanese Aerospace 
Exploration Agency’s (JAXA) HTV1 offgassed a substantially 
greater amount (52 ppm) of carbon monoxide during ground-
based OGT than on first ingress (6 ppm), it was speculated that 
the foam used for dummy packing material (nonflight item) was 
the source and could be baked in advance to prevent discrep-
ancies between ground testing and first ingress results (JAXA; 
internal JAXA report; Sept. 2011). When the Minicel-type 

Fig. 4. R elative comparison of the compounds detected during different 
stages of testing for each vehicle and module and their contribution to the 
T-value. Values above 0% indicate percentage of compounds for which the pre-
diction was conservative (“Contrib 5 Yes and Tp . Ta”) or the percentage of 
compounds that were detected during the OGT only (“Present ONLY at OGT”), 
which was also considered to be conservative. Compounds that were detected 
in greater amounts at ingress than in the OGT or only at ingress (“Present ONLY 
at Ingress”) are represented by bars under 0%. Compounds detected in greater 
abundance at ingress than the OGT are separated into groups indicating 
whether or not they added to the toxicity of the air (contributed to the T-value). 
These groups are labeled as “Contrib 5 Yes and Tp , Ta” and “Contrib 5 No 
and Tp , Ta”.
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foam was baked at 60°C for 48 h before ground-based OGTs, 
carbon monoxide levels were sufficiently reduced. This discov-
ery led to a recommendation that all foam materials, includ-
ing flight and nonflight cargo foams, undergo baking before 
packing for HTV2. Although carbon monoxide was reduced 
at first ingress on HTV1, the crew developed headaches after 
detecting a formaldehyde-like odor, presumably due to a dif-
ferent (unidentified) offgassed compound.

Inconsistency between ground OGT and first ingress sam-
pling results also occurred with the SpaceX Demo vehicle. 
During the 4-d ground-based OGT, the concentration of 
perfluoro(2-methyl)pentane increased from 1.2 to 3.3 mg/m3, 
which was suggestive of material offgassing from inside the 
module.13 At the time of the ground test, the vehicle was 100% 
loaded. Analysis of the first-entry sample yielded a concentra-
tion of 1300 mg/m3, an increase too substantial to be explained 
by offgassing alone. Through follow-up investigation, we deter-
mined that this compound was being used as a heat-exchange 
fluid in the SpaceX vehicle and probably leaked from the cool-
ant system, releasing increased amounts with launch vibration 
and perhaps docking. Given that the free volume of the Dragon 
capsule is about 10 m3, the amount of perfluoro(2-methyl)pen-
tane that escaped from the system was approximately 13,000 mg 
or 13 g. Since the compound is virtually nontoxic, there was no 
appreciable effect on the T values (0.009 units); however, the 
providers of the capsule were asked to investigate the possibility 
of a small leak in their system. The problem was then resolved by 
tightening a bolt in the thermal exchange system and leaks did 
not occur to any great extent on future SpaceX Dragon missions.

In general, there is good agreement between predicted and 
actual first-entry T-values, and, importantly, our predictions are 
typically conservative. Factors such as sample collection delay 
and compound stability can affect expected concentrations at 
first ingress. Also, understanding how the prediction of off-
gassed material concentrations can be affected by factors and 
parameters that can either be controlled or adjusted for mathe-
matically will improve spaceflight safety operations.

ACKNOWLEDGMENTS

The authors would like to thank Patricia Inners, John Trowbridge, and Steve 
Beck (Wyle) for their assistance in gathering the data necessary for develop-
ment of the manuscript. The authors also thank Jay Perry (NASA Marshall 
Space Flight Center), William Wallace (Wyle), and our colleagues at JAXA for 
critically reviewing the manuscript.

Authors and affiliations: Amelia A. Romoser, Ph.D., DABT, Robert R. Scully, 
Ph.D., Thomas F. Limero, Ph.D., Vanessa De Vera, B.S., Patti F. Cheng, M.S., and 
Jennifer J. Hand, M.S., Wyle Science, Technology and Engineering Group, 
Houston, TX; John T. James, Ph.D., DABT, Universities Space Research Asso-
ciation, Houston, TX; and Valerie E. Ryder, Ph.D., DABT, NASA Lyndon B. 
Johnson Space Center, Houston, TX.

REFERENCES

	 1. 	 Cornu A, Massot R. Compilation of mass spectral data, 2nd ed. London: 
Heyden; 1975.

	 2. 	 Davis JR, Johnson R, Stepanek J, Fogarty JA. Fundamentals of aerospace 
medicine, 4th ed. Philadelphia (PA): Lippincott Williams & Wilkins; 2008.

	 3. 	 Environmental Protection Agency (U.S.). Compendium method TO-15: 
determination of volatile organic compounds (VOCs). In: Air collected in 
specially-prepared canisters and analyzed by gas chromatography/mass 
spectrometry (GC/MS). (U. S. EPA publication: EPA/625/R-96/010b). 
Cincinnati (OH): Environmental Protection Agency; 1999.

	 4. 	 James J. Space toxicology. Space Safety Magazine [Internet]; International 
Association for the Advancement of Space Safety; 2015. [Accessed 
2016 Aug. 29]. Available from: http://www.spacesafetymagazine.com/
spaceflight/space-medicine/space-toxicology/.

	 5. 	 James J, Limero T, Beck S, Martin M, Covington P, et al. Toxicological 
assessment of the International Space Station atmosphere with emphasis 
on metox canister regeneration. Paper 2003-01-2647 at the International 
Conference on Environmental Systems; 2003 July 7–10; Vancouver, BC, 
Canada. Warrendale (PA): SAE International; 2003

	 6. 	 James JT, Parmet AJ, Pierson DL. Aerospace toxicology and microbiology. 
In: NASA Technical Reports Server [Internet]. Houston (TX): National 
Aeronautics and Space Administration. Document #20070032022. 
[Accessed 2016 Aug. 23]. Available from: http://ntrs.nasa.gov/archive/
nasa/casi.ntrs.nasa.gov/20070032022.pdf.

	 7. 	 Khan-Mayberry N, James JT, Tyl R, Lam CW. Space toxicology: protecting 
human health during space operations. Int J Toxicol. 2011; 30(1):3–18.

	 8. 	 Khan-Mayberry NN, James JT. Space toxicology: toxicological risk 
management of human health during space exploration. General, 
Applied and Systems Toxicology [Internet]; John Wiley and Sons, Inc.; 
2009. [Accessed 2016 Aug. 25]. Available from: http://onlinelibrary.wiley.
com/book/10.1002/9780470744307/toc.

	 9. 	 Macatangay AV, Perry JL. Cabin air quality on board Mir and the 
International Space Station—a comparison. SAE Technical Paper 2007-
01-3219: Society of Automotive Engineers 37th International Conference 
on Environmental Systems; 2007 July 9–12; Chicago, IL. Warrendale (PA): 
SAE; 2007.

	 10. 	 Musgrave GE, Larsen AM, Sgobba T. Safety design for space systems. 
Oxford (UK): Butterworth-Heinemann; 2009.

	 11. 	 National Aeronautics and Space Administration. Flammability, offgassing, 
and compatibility requirements and test procedures. NASA publication: 
NASA-STD-6001B. Washington (DC): National Aeronautics and Space 
Administration; 2016.

	 12. 	 National Aeronautics and Space Administration. Spacecraft maximum 
allowable concentrations for airborne contaminants. NASA Publication: 
JSC-20584. Houston (TX): National Aeronautics and Space Administration; 
2008.

	 13. 	 National Aeronautics and Space Administration. Space-X first entry 
sample analysis. NASA publication: JSC-CN-26767. Houston (TX): 
National Aeronautics and Space Administration; 2012.

	 14. 	 National Aeronautics and Space Administration. Apollo 1: the fire 
[Internet]. 1967. [Accessed 2016 Aug. 25]. Available from: http://history.
nasa.gov/SP-4029/Apollo_01a_Summary.htm.

	 15. 	 National Research Council. Guidelines for developing spacecraft 
maximum allowable concentrations for space station contaminants. 
Washington (DC): National Academy Press; 1992.

	 16. 	 National Research Council. Spacecraft maximum allowable concentrations 
for selected airborne contaminants, vol. 1. Washington (DC): National 
Academy Press; 1994.

	 17. 	 National Research Council. Spacecraft maximum allowable concentrations 
for selected airborne contaminants, vol. 2. Washington (DC): National 
Academy Press; 1996.

	 18. 	 National Research Council. Spacecraft maximum allowable concentrations 
for selected airborne contaminants, vol. 3. Washington (DC): National 
Academy Press; 1996.

	 19. 	 National Research Council. Spacecraft maximum allowable concentrations 
for selected airborne contaminants, vol. 4. Washington (DC): National 
Academy Press; 2000.

	 20. 	 National Research Council. Spacecraft maximum allowable concentrations 
for selected airborne contaminants, vol. 5. Washington (DC): National 
Academy Press; 2008.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via free access

http://www.spacesafetymagazine.com/spaceflight/space-medicine/space-toxicology/
http://www.spacesafetymagazine.com/spaceflight/space-medicine/space-toxicology/
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070032022.pdf
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20070032022.pdf
http://onlinelibrary.wiley.com/book/10.1002/9780470744307/toc
http://onlinelibrary.wiley.com/book/10.1002/9780470744307/toc
http://history.nasa.gov/SP-4029/Apollo_01a_Summary.htm
http://history.nasa.gov/SP-4029/Apollo_01a_Summary.htm


Aerospace Medicine and Human Performance  Vol. 88, No. 2 F ebruary 2017    113

FIRST INGRESS AIR QUALITY—Romoser et al.

	 21. 	 Nicogossian AE, LaPinta CK, Burchard EC, Hoffler GW, Bartelloni PJ. 
Crew health, In: The Apollo-Soyuz Test Project Medical Report, Chapter 
3. Report No.: NASA SP-411. Washington (DC): NASA; 1977:11–24, 44.

	 22. 	 Palmer PT, Limero TF. Mass spectrometry in the U.S. space program: 
past, present, and future. J Am Soc Mass Spectrom. 2001; 12(6): 
656–675.

	 23. 	 Perry J. A review of International Space Station habitable element 
equipment offgassing characteristics. Report No.: AIAA 2010-6068. 
International Conference on Environmental Systems, 40th International 
Conference on Environmental Systems; 2010; Barcelona (SP). Reston 
(VA): American Institute of Aeronautics and Astronautics; 2010.

	 24. 	 Perry J. Predictive techniques for spacecraft cabin air quality control. SAE 
Technical Paper 2001-01-2398. Society of Automotive Engineers 31st 
International Conference on Environmental Systems; 2001 July 9–12; 
Orlando, FL. Warrendale (PA): SAE; 2001.

	 25. 	 Perry JL. A design basis for spacecraft trace contaminant control. SAE 
Technical Paper 2009-01-2592: Society of Automotive Engineers 39th 

International Conference on Environmental Systems; 2009 July 12–16; 
Savannah, GA. Warrendale (PA): SAE; 2009.

	 26. 	 Perry JL. Elements of spacecraft cabin air quality control design. 
Washington (DC): National Aeronautics and Space Administration; 
1998. Report No: NASA/TP-1998-207978.

	 27. 	 Perry JL. Formaldehyde concentration dynamics of the International Space 
Station cabin atmosphere. SAE Technical Paper 2005-01-3091: Society of 
Automotive Engineers 35th International Conference on Environmental 
Systems; 2005 July 11–14; Rome, Italy. Warrendale (PA): SAE; 2005.

	 28. 	 Perry JL. Octafluoropropane concentration dynamics on board the 
International Space Station. SAE Technical Paper 2003-01-2651. Society of 
Automotive Engineers 23rd International Conference on Environmental 
Systems; 2003 July 7–10; Vancouver, BC, Canada. Warrendale (PA): SAE; 
2003.

	 29. 	 Wong KL. Spacecraft maximum allowable concentrations for selected 
airborne contaminants, vol. 1. Washington (DC): National Academy Press; 
1994:149–167.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via free access



Table A.  ΔT by Compound for Each Vehicle and Module Tested.
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