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1. Risk Title and Statement 

 Risk Title: Risk of Nominal Acute and Chronic Ambient Carbon Dioxide Exposure in Crewed 
Vehicles Leading to In-Mission Health Effects or Performance Decrements 

 
 Risk Statement: Given that average cabin CO2 levels in spacecraft are maintained above 

ambient terrestrial levels with routine occurrence of short-term spikes and that the 
correlation between the cabin average and actual crew exposures remains unknown, there is 
a possibility that short-term and long-term CO2 exposures will adversely impact crew health 
and performance. 

 

2. Risk History 
 

Item Date Outcome/Status 
HSRB Risk 
Presentation 

02/13/2025 Decisional – CR SA-07566  HSRB DAGtionary Updates and 
DAG Corrections; CR approved with modifications. Rev D.1 

HSRB Risk 12/16/2024 Risk of Nominal Acute and Chronic Ambient Carbon Dioxide 
Exposure in Crewed Vehicles. Unanimous concurs among 
reviewers, approved out-of-board. (Rev. D) 

HSRB Risk 
Presentation 

11/07/2024 Informational – request CR Kickoff to update Risk (Rev. D) 

HSRB Risk 
Presentation 

5/11/2022 Decisional – CR SA-05096 HSRB Directed Acyclic Graphs 
Errata Changes; CR Approved out of board (Rev C.1) 

HSRB Risk 
Presentation 

9/9/2021 Decisional – CR Approved with Mods; Risk of Nominal Acute 
and Chronic Ambient Carbon Dioxide Exposure in Crewed 
Vehicles (Rev. C) 

Risk Evaluated via CR 6/25/2021 CR SA-04044 Evaluation period ended 7/15/2021 
HSRB Risk 
Presentation 

6/17/2021 Informational – CR Kickoff to update Risk (Rev. C) 

HSRB Risk 
Presentation 

11/1/2018 Decisional – CR Approved with Mods 

Risk Evaluated via CR 9/11/2018 Decisional – To update risk (Rev. B) 
ECLSS SMT 
Presentation 

3/8/2018 Informational – CO2 Scrubbing Technology to meet proposed 
standard 

HMTA 
Recommendation 

2/8/2018 Informational – Board agrees to add the 2mmHg for a CO2 
Standard value to the NASA-STD-3001, Vol. 2, Rev B CR 

HSRB Risk 
Presentation 

5/18/2017 Informational – Risk scheduled “yearly” updates to include 
new evidence 

Risk Evaluated via CR 8/19/2013 Decisional – Approved with Mods (Rev. A) 
HSRB Risk 
Presentation 

7/31/2013 Informational – Incorporate: 1. Chronic Exposure data 2. 
Results from Crew Symptoms and CO2 on ISS Analysis to 
package and submit CR for evaluation 

Risk Evaluated via CR 9/3/2010 Decisional – Approved with Mods (Baseline) 
HSRB Risk 
Presentation 

8/25/2010 Informational – Content reviewed by the HSRB. Approval for 
release via out-of-board CR 
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3. Executive Summary 

 The current NASA standard for CO2 (NASA Standard 3001, Volume 2, Rev. D) limits the average one-hour CO2 
partial pressure in the habitable volume to no more than 3 millimeters of mercury (mmHg). The use of 1-hr 
average level is intended reduces the number and magnitude of spikes that would occur with averages 
reported each minute. However, programmatic constraints result in less conservative requirements and 
operational rules. 
 

 Data continue to indicate that this standard is adequate because reported symptoms of toxicity, e.g., 
headache, are limited to some (sensitive) crewmembers and the effects are reversible. 

 
 A possibility exists that spikes and swings in CO2 levels and the nominal elevated background levels of CO2 

in the spacecraft (relative to indoor and outdoor terrestrial levels) could adversely impact crew health and 
performance and should be systematically evaluated. For example, crewmembers could be exposed to 
higher levels of CO2 if environmental control and life support (ECLS) system fails during a technical 
demonstration, and when they work in front of the microgravity sciences glovebox for several hours or in 
Crew quarters/crew alternate sleep accommodation. 

 
 Because evidence is lacking on the correlation between average CO2 levels in the cabin and crew inhalational 

exposures, this should be systematically evaluated. 
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4. Directed Acyclic Graph – DAG 
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Directed Acyclic Graph – DAG (Narrative) 
 

 The CO2 concentration in the closed spacecraft environment is a balance between production 
(primarily, output from the crewmembers) and removal by the ECLS System. 
 

 When the balance of production and removal is impacted by limited vehicle capability (limited 
ECLS system mass/power, for example) or production increases (when crewmembers exercise, 
for example), the CO2 concentration will increase and may result in several different 
physiological changes. 
 

 Monitoring CO2 levels in a vehicle is essential to track anomalies and possible outcomes. However, 
averaging at the cabin level is currently relied upon almost exclusively. Local or area CO2 

monitoring can be effectively achieved using both a carbon dioxide monitor and personal CO2 
monitors. However, periodic individual monitoring (inspired CO2, for example) is not currently 
available nor is a standardized method for assessing individual CO2 exposure. 

 
 CO2 levels that are elevated significantly and/or chronically may lead to adverse mission 

outcomes, including loss of mission objectives or loss of mission (evacuation). Unexpectedly high 
acute levels may lead to loss of crew life, but the likelihood of this event is very low. 



 

5. Likelihood and Consequence (LxC) Quick look 
 

Previous (approved September 2021)    Current (approved December 2024) 
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DRM 
Categories 

Mission Type 
and Duration 

LxC 
OPS 

Risk 
Disposition 

LxC 
LTH 

Risk 
Disposition 

 
Low Earth 

Orbit 

Short 
(<30 days) 4x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 4x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
Lunar 

Orbital 

Short 
(<30 days) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
Lunar Orbital 

+ Surface 

Short 
(<0 days) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
 

Mars 

Preparatory 
(<1 year) 3x3 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Planetary 
(730-1224 

days) 

 
3x3 Accepted w/ 

Monitoring 

 
1x1 Accepted w/ 

Monitoring 

 

DRM 
Categories 

Mission Type 
and Duration 

LxC 
OPS 

Risk 
Disposition 

LxC 
LTH 

Risk 
Disposition 

 
Low Earth 

Orbit 

Short 
(<30 days) 4x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 4x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
Lunar 

Orbital 

Short 
(<30 days) 4x3 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
Lunar Orbital 

+ Surface 

Short 
(<0 days) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Long 
(30 d-1 yr.) 3x2 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

 
 

Mars 

Preparatory 
(<1 year) 3x3 Accepted w/ 

Monitoring 1x1 Accepted w/ 
Monitoring 

Planetary 
(730-1224 

days) 

 
3x3 Accepted w/ 

Monitoring 

 
1x1 Accepted w/ 

Monitoring 
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6. Risk Summary 
Primary Hazard: 
Hostile closed environment 
 
Secondary Hazard(s): 
Altered gravity Distance from Earth 
 
Countermeasures in use: 
Prevention 
Human system integration processes (i.e., implementation of standards) and pre-flight training that teaches 
crewmembers how to identify symptoms of CO2 toxicity 
 
Monitoring 
Cabin and local area monitoring of CO2 levels and crewmember symptom monitoring 
 
Intervention 
Processes for reducing the levels of CO2 in the vehicle, protective equipment, protocols for treating 
symptoms of CO2 toxicity, operational procedures and responses to occurrences of CO2 levels above limits 
 
Contributing Factors 
Sources of CO2 (from crew, medical oxygen regeneration, payloads, etc.) combined with individual factors, 
such as CO2 retention, in balance with CO2 scrubbing (vehicle design) and convection and ventilation. 
 
Knowledge 
Present State: 
Adverse effects are mitigated by implementing current standards on the International Space Station (ISS); 
however, relationships between vehicle design, average CO2 levels in the cabin, and crew inhalational 
exposures remain ill defined, and uncertainty exists regarding whether the same standard will remain 
protective when applied to other vehicles and DRMs. For example, if or when a crewmember experiences 
symptoms of CO2 toxicity or elevated CO2 levels occur on the ISS, additional resources can be employed to 
reduce the level of CO2, however, these resources may be unavailable on future vehicles. 
 
Gaps in knowledge 
Spaceflight Operations (Ops): Accepted with monitoring: Monitoring of CO2 levels should prevent 
symptoms of CO2 toxicity. However, cabin level monitoring , which provides input to the ECLS system, at 
this time does not always mitigate symptom onset. Monitoring the level of CO2 that the crewmembers 
inhale would provide data to better correlate cabin levels with crew inhalational exposure, which would 
support the goal of improved cabin ventilation and CO2 scrubbing capabilities. 
 
Long-term Health (LTH): Accepted with monitoring: On-going evaluation of cerebral changes, such as with 
magnetic resonance imaging (MRI), is needed to confirm no LTH consequences. However, no demonstrated 
LTH impacts of CO2 toxicity have been reported in the literature or operational investigations. 
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General Assumptions 
• Assume that NASA Standards 3001 have been met 
• Countermeasures equivalent to current ISS countermeasures are in use 

DRM 
Categories 

Mission 
Type and 
Duration 

Prior Assumptions (2021)  
Current Assumptions (2024) 

 
 
Low Earth 
Orbit (LEO) 

Short 
(<30 days) 

Excludes suited 
operations 

 
Excludes suited operations 

Long 
(30 d-1 yr.) 

Excludes suited 
operations 

 
Excludes suited operations 

 
 
Lunar 
Orbital 

Short 
(<30 days) 

Excludes suited 
operations 

Excludes suited operations 
Average 6 seconds, max 30-sec comm 
delay 

Long 
(30 d-1 yr.) 

Excludes suited 
operations 

Excludes suited operations 
Average 6 seconds, max 30-sec comm 
delay 

 

Lunar 
Orbital + 
Surface 

Short 
(<30 days) 

Excludes suited 
operations 

 
Excludes suited operations 

Long 
(30 d-1 yr.) 

Excludes suited 
operations 

 
Excludes suited operations 

 
 
 
Mars 

Preparatory 
(<1 year) 

Excludes suited 
operations 

 
Excludes suited operations 

Planetary 
(730-1224 

days) 

Excludes suited 
operations 

 
Excludes suited operations 

 
• Current countermeasures in use: 

o Monitoring: Cabin and local area monitoring of CO2 levels and crew symptom monitoring 
o Prevention: Human system integration processes (i.e., implementation of standards) and 

pre-flight training that teaches crewmembers how to identify symptoms of CO2 toxicity 
o Intervention: Processes for reducing CO2 levels in the vehicle, protective equipment, 

treatment protocols, ops procedures and responses  
• Anticipated countermeasures: 

o Prevention: improved modeling of cabin atmospheric dynamics to better inform future ECLS 
system design and operations 

o Monitoring: development of local area and inhalational CO2 monitoring 
o Intervention: earlier ECLS system response to rising local CO2 values to increase scrubbing 

before symptoms develop. Continue to explore physiologic interventions to decrease 
susceptibility to elevated CO2 levels. 
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7. Risk Postures 
 

DRM Category LxC Disposition LxC Drivers for Likelihood LxC Drivers for Consequences Disposition Rationale DRM Specific Assumptions  Level of Evidence  
LEO 
(< 30 Days) 

Ops 4x2 Accepted with 
Monitoring 

ISS ECLS systems were designed to maintain CO2 at much 
higher levels based on requirements at the time. Levels 
on the ISS are maintained by a CHIT (a form used to 
exchange information between the MER and flight 
control center) at a 24-hr average of 3mmHg rather than 
a 1-hr average of 3 mmHg. Monthly monitoring data 
indicate that spikes above a cabin average of 3 mmHg 
can and do occur, scrubber demonstrations fail, etc. 

Minor impact to crew performance and operations. Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 2 - Moderate 

LEO 
(< 30 Days) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

LEO 
(30 d - 1 yr) 

Ops 4x2 Accepted with 
Monitoring 

ISS ECLS systems were designed to maintain CO2 at much 
higher levels based on requirements at the time. Levels 
on the ISS are maintained by a CHIT at a 24-hr average of 
3mmHg rather than a 1-hr average of 3 mmHg. Monthly 
monitoring data indicate that spikes above a cabin 
average of 3 mmHg can and do occur, scrubber 
demonstrations fail, etc. 

Minor impact to crew performance and operations. Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 2 - Moderate 

LEO 
(30 d–1 yr) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

Lunar Orbital 
(< 30 Days) 

Ops 4x3 Accepted with 
Monitoring 

Assumption: Current levels of countermeasures will be 
maintained, and standards will be met through program 
requirements. Evidence: although Orion ECLS systems 
were designed to maintain CO2 at higher levels (4 mmHg) 
based on requirements at the time) it is expected they will 
be able to maintain CO2 levels at the current standard. 
Plans for the Human Landing System (HLS) are to maintain 
the current standard but accept a higher limit during 
orbital ‘docked ops’ with Orion. Actual system 
performance remains unknown. 

CO2 and humidity control systems are degrading faster 
than expected, increasing the likelihood of elevated CO2 
levels. The Laser Area Monitor on board Orion cannot be 
relied on to monitor CO2, increasing the consequence that 
elevated CO2 levels will cause crew symptoms. Unreliable 
CO2 scrubbing and monitoring expend crew and 
operational resources by requiring crewmembers to 
perform manual portable CO2 measurements when they 
experience headaches to verify CO2 levels prior to further 
action. 

Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 
Average 6 seconds, max 30-sec comm delay 

3 - Weak 

Lunar Orbital 
(< 30 Days) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits 

 2 - Moderate 

Lunar Orbital 
(30 d–1 yr) 

Ops 3x2 Accepted with 
Monitoring 

Assumption: Current levels of countermeasures will be 
maintained, and standards will be met through program 
requirements. Evidence: Gateway planning to maintain 
CO2 levels at current standard. Actual system 
performance remains unknown. 

Minor impact to crew performance and operations. Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 
Average 6 seconds, max 30-sec comm delay 

3 - Weak 

Lunar Orbital 
(30 d–1 yr) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

Lunar Orbital 
+ Surface 
(< 30 Days) 

Ops 3x2 Accepted with 
Monitoring 

Assumption: Current levels of countermeasures will be 
maintained, and standards will be met through program 
requirements. Evidence: Plans for the HLS are to maintain 
CO2 levels at the current standard. Actual system 
performance remains unknown. 

Insignificant impact to crew performance and operations. 
Assumes that this DRM includes crewmembers on the 
planetary surface who will be exposed to partial gravity. 

Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 3 - Weak 

Lunar Orbital 
+ Surface 
(< 30 Days) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

Lunar Orbital 
+ Surface 
(30 d–1 yr) 

Ops 3x2 Accepted with 
Monitoring 

Assumption: Current levels of countermeasures will be 
maintained, and standards will be met through program 
requirements. Evidence: Plan for HLS are to maintain CO2 
levels at current standard. Actual system performance 
remains unknown 

Insignificant impact to crew performance and operations. 
Assumes that this DRM includes crewmembers on the 
planetary surface who will be exposed to partial gravity. 

Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 3 - Weak 

Lunar Orbital 
+ Surface 
(30 d–1 yr) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected.  Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

Mars Prep 
(< 1 yr) 

Ops 3x3 Accepted with 
Monitoring 

Planning to maintain CO2 levels at current standard. Actual 
system performance remains unknown. 

Significant reduction in crew performance, threatens loss 
of a mission objective. Assumes no benefit of partial 
gravity on planetary surface and reduced resources to 
address issues (ECLS system or crew). 

Monitoring of CO2 levels and crewmembers’ reported  
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 3 - Weak 

Mars Prep 
(< 1 yr) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence exists of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 

Mars 
Planetary 
(730–1224 d) 

Ops 3x3 Accepted with 
Monitoring 

Planning to control to current standard. Actual system 
performance remains unknown. 

Significant reduction in crew performance, threatens loss 
of a mission objective. Assumes no benefit of partial 
gravity on planetary surface and reduced resources to 
address issues (ECLS system or crew). 

Monitoring of CO2 levels and crewmembers’ reported 
symptoms allows for appropriate response to elevated 
levels or crew concerns. 

Excludes suited operations 3 - Weak 

Mars 
Planetary 
(730–1224 d) 

LTH 1x1 Accepted with 
Monitoring 

Currently, LTH consequences are not expected. Career related short-term self-resolving medical 
condition. No current evidence of LTH impacts. Thus far 
data shows that consequences are short term and self-
resolving. On-going evaluation of cerebral changes (using 
MRI) is needed to confirm no LTH consequences, but 
currently no evidence of LTH impacts. 

No LTH consequences associated with CO2 have been 
reported even at historical levels much higher than 
current limits. 

 2 - Moderate 



 

8. HSRB Risk Likelihood x Consequence Matrix 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

11 

Ops: Lunar Orbital Short 4x3 

LTH: All DRMs 1x1 

Mars Short & Long 3x3 

Ops: Lunar Orbital Long; Lunar Orbital & 
Surface Short & Long 3x2 

Ops: LEO Short & Long 4x2 
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9. Overall Assessment of the Evidence 
 Operations Evidence (In-flight data remain limited) 

• Inflight symptom data are limited to personal observations and subjective reports of 
symptoms attained through questionnaires, debriefs, and private medical 
conferences. 

• Monitoring of ppCO2 indicates spikes above a cabin average of 3 mmHg can and do occur. 
• It is difficult to correlate symptom timing, crew location, and cabin CO2 measurements. 

 
 Research Evidence 

• Interaction of elevated CO2 levels combined with hypobaric hypoxia (such as 
exploration atmospheres), fluid shifts in microgravity, and venous stasis are 
unknown. 

• Findings of studies that have assessed the effects of elevated CO2 on cognition have been 
inconsistent. 

• Genetic analyses identified that the presence of 3–4 risk alleles is associated with an 
increased risk of developing spaceflight associated neuro-ocular syndrome (SANS) in head 
down tilt bedrest studies (HDBR), and elevated CO2 may increase the risk of developing 
SANS. 

 

10. State of Knowledge 
10.1 New Epidemiological Evidence 

In 2016 a CHIT (control number 014468) specified the US On-Orbit Segment (USOS) of the ISS will operate with a 
partial pressure CO2 of no greater than a 24-hour average of 3 mmHg. During nominal operations, the major 
constituent analyzer (MCA) on the USOS samples each module hourly and the readings are averaged with values 
obtained during the previous 24 hours. 
 
In August, 2021 a Mission Control Center Flight Note (F091532E) was released specifying the plan to maintain the 
USOS 24-hour average ppCO2 to between 2.8 and 3.1 mmHg when the MCA is available for CO2 sensing. If the MCA is 
not available, the plan was to maintain 24-hour average ppCO2 between 2.4 and 3.0 mmHg. If crewmembers 
develop symptoms of CO2 toxicity, additional portable CO2 monitor readings are required. 
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10.2 New Literature Evidence 

 

 
Because CO2 is an extremely potent cerebrovasculature dilator, it has been investigated as a potential contributor, 
along with other conditions experienced in microgravity, for inducing changes in cerebrovascular dynamics, the 
apparent lower threshold for CO2 induced headaches, the occurrence of SANS, sensorimotor perturbations, sleep 
loss, and cognitive impairments during space travel. In addition to outcomes influenced by changes to the 
cerebrovasculature, it is possible that chronic exposure to elevated levels of CO2 could affect other physiological 
outcomes, such as altered rates of bone loss or by changes in microbial pathogenesis. 
 
Regarding effects of CO2 on the cerebrovasculature, a recent publication reported that in the presence of 
gravitational stress (50o head up tilt compared to supine position) with exposure to 5% CO2 for 9 minutes, impaired 
anterior cerebral circulation, whereas the posterior circulation was unaffected (Watanabe et al., 2022). These 
findings are consistent with those of others who have suggested that all parts of the brain may not respond in the 
same manner to changes in CO2 levels because flow responses are a mixed result of resistance changes in blood 
vessels and competition for blood flow between regions of the brain (Bhogal et al., 2015; Fisher et al., 2017). Aebi et 
al. (2020) evaluated cerebrovascular reactivity to CO2 (CVR) in 9 human subjects under conditions of normobaric 
normoxia, hypobaric hypoxia, hypobaric normoxia, and normobaric hypoxia. Measures of partial pressure of inspired 
oxygen (PIO2) were the same for all the conditions. CVR was measured by plotting sigmoid curves of middle cerebral 
artery blood velocity (MCAv) versus end tidal CO2 pressure (PETCO2). PETCO2 differed under the 3 conditions of 
hyperventilation, normal tidal breathing, and breathing 5% CO2 (36 mmHg at 1444 ft) for 3 min. CVR was greater in 
hypobaric hypoxia conditions than in normobaric normoxia conditions as evidenced by left shift and greater slope of 
MCAv vs PETCO2. Interestingly, hypobaric hypoxia induced a greater CVR than normobaric hypoxia despite similar 
PIO2. Hypobaric normoxia conditions also induced greater CVR than normobaric normoxia conditions despite similar 
PIO2. These data indicate that both low PIO2 and low ambient pressure increase CVR in acute exposures to elevated 
CO2. 
 
In studies conducted in human-certified chambers, research on proposed exploration atmospheres  has tested 
human responses to variations in ambient pressure and oxygen partial pressures. Exploration Atmospheres 1 and 2 
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exposed human subjects to an ambient pressure of 8.2 psia at 34% O2, whereas the parameters from Exploration 
Atmospheres 3 and 4 were 9.6 psia at 28.5% O2. As demonstrated by Aebi et al. (2020) cerebrovascular response to 
CO2 varies by both ppO2 and ambient pressure. The physiologic and symptomatic responses of acute and chronically 
elevated CO2 combined with hypobaric hypoxia at fraction of inspired oxygen outside of 21% and 100% require 
further characterization. 
 
Crewmembers on board the ISS have reported severe headaches that do not respond to ordinary treatment but are 
usually relieved when CO2 levels are reduced (Law et al, 2014). The threshold for CO2-associated headaches during 
spaceflight is well below that on Earth (Law et al, 2014). Recently, a retrospective study of the frequency and clinical 
features of headaches experienced by ISS crewmembers during long-duration missions found that the occurrences 
of headaches were not correlated with the weekly means of several variables, including CO2 (van Oosterhout et al., 
2024). However, 3 important limitations were associated with this study that affect interpretation. First, an 
apparent failure exists in this study to distinguish between CO2-associated headaches, migraine headaches, and 
headaches that are often associated with space motion sickness. Migraine-like headaches secondary to another 
disorder (symptomatic migraine) is coded as a secondary headache attributed to that disorder, but this was not done 
in the study. Most headaches were mild and lasted less than 4 hours. Frequent accompanying symptoms included 
nasal congestions and difficulty sleeping. These descriptions are consistent with common issues during spaceflight 
and are inconsistent with the severe headaches that are unresponsive to typical treatments and that resolve when 
CO2 concentrations are lowered. The lack of correlation between headaches recorded in this study and CO2 is not 
surprising given that the features of these headaches are inconsistent with those of CO2-associated headaches. 
Second, the weekly mean CO2 levels were not different during weeks when a crewmember had a headache (2.74 +/- 
0.38 mmHg, mean +/- standard deviation) versus weeks the crewmember did not have headaches (2.66 +/- 0.46 
mmHg). This range of CO2 measurements were collected from 2011 to 2018 and represents a narrower range of CO2 
levels than those reported in the previous study (Law et al., 2014) that did find a correlation between CO2 and the 
incidence of crewmembers’ headaches. The previous positive correlation between weekly mean CO2 and the 
incidence of headaches spanned 2001 to 2012, which included data from the early days of the ISS program when CO2 
was regulated below 5.3 mmHg, and the period from 2010 when CO2 was regulated below 4.0 mmHg (Law et al., 
2014). The mean 7-day CO2 ranged from 3.60 mmHg to 2.54 mmHg with the more conservative regulation in place 
and this resulted in decreased incidence of headaches. It is likely the absence of correlation between headache and 
weekly mean CO2 level reported by van Oosterhout et al. (2024) was due to the narrow range of levels in the cabin. 
Third, mean weekly CO2 values are possibly less relevant to headache than peak CO2 values. Notably, Law et al. 2014 
found a correlation between headache incidence and all 4 values for CO2 (average and peak across both 1-day and 7-
days). 
 
Several studies have investigated a potential contribution of elevated CO2 to SANS. Laurie et al. (2017) examined 
visual acuity, intraocular pressure (IOP), ocular structures, cardiovascular measures, intracranial pressure (ICP), and 
translaminar pressure difference in healthy subjects, who, for one hour, were seated, or reclined at 6o HDBR while 
exposed to either ambient or 1% CO2. One-carbon genetic pathways were also analyzed in these subjects (Zwart et 
al., 2019). No significant differences were found between HDBR subjects exposed to ambient or elevated CO2 for 
visual acuity, ocular structures, cardiovascular outcomes, ICP or translaminar pressure difference, however genetic 
polymorphisms were associated with differences in IOP, ICP, and end tidal CO2 (PCO2) (Laurie et al., 2017).  
 
In a follow-up study (the vision impairment/intracranial pressure [VIIP] and Psychological :envihab Research Study 
[VaPER study], which was conducted in 2017 at the :envihab facility in Cologne, Germany), Laurie et al. (2020) 
exposed 11 subjects (5 female) to strict HDBR and 4 mmHg (0.5%) CO2 for 30 days and found that half of the subjects 
developed optic disc edema. However, because an increase of 1.4 mmHg in the partial pressure of arterialized CO2 
(PaCO2) that resulted from exposure to CO2 was not significantly different from the baseline value and 
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cerebrovascular reactivity was unchanged, the authors suggested that mild hypercapnia may not have contributed 
to the development of SANS-like symptoms during HDBR. The relationship of the one-carbon genetic pathways to 
SANS (Zwart et al., 2019) demonstrated increases in total thicknesses of the retina and of the retinal nerve fiber 
layer and the magnitude of optic disk edema in the VaPER study subjects who had 3–4 risk alleles. Zwart et al. 
(2023) reported that subjects from the VaPER with 3–4 risk alleles had greater changes in total retinal thickness than 
subjects with 3–4 risk alleles in the later Artificial Gravity Bed Rest Study (AGBRESA study), which was conducted at 
the same facility and under the same standard conditions as the VaPER study, but without the raised levels of CO2. In 
contrast, subjects who had 1–2 risk alleles had similar changes in total retinal thickness in both studies. Zwart et al. 
(2023) cited the report by Laurie et al. (2020) that detected no change in arterialized PCO2 or cerebrovascular 
reactivity to CO2 in the VaPER subjects but did not suggest that the differences between the VaPER and AGRESA 
subjects might be due to the exposure of the former to elevated levels of CO2. Further evidence of elevated PCO2 
contributing to SANS was provided by Brunstetter et al. (2024) in a case study of a crewmember with 4 SANS risk 
alleles who developed SANS on the ISS. This individual presented initially with increasing bilateral total retinal 
thickness, mean choroidal thickness, and surface roughness of choroidal folds all of which subsequently improved 
during the spaceflight coincident with a lowering of cabin partial pressure CO2 from a mean of 2.6 to 1.3 mmHg. 
However, this crewmember also received additional vitamin supplementation (17 days of daily oral vitamin B6, 
vitamin B12, L-methylfolate, and riboflavin) that may have contributed to the improvements in these SANS markers 
(Brunstetter et al., 2024). Subjects of the VaPER study were assessed using arterial spin labeling to compare cerebral 
perfusion before, during, and after HDBR+CO2 in participants who developed SANS (n = 5) with those who did not (n 
= 6), and the results indicated that HDBR+CO2 resulted in reduced cerebral perfusion that varied based on SANS 
status (Roberts et al., 2012). The SANS group experienced a greater reduction in perfusion (Roberts et al., 2021). A 
comparison of dynamic changes to the morphology of the perivascular space in VaPER subjects to subjects of a 60-
day HDBR study who breathed ambient air found no significant differences in the quantity or morphology of 
cerebral perivascular spaces observed with MRI. 
 
Differences have been noted between the subset of VaPER subjects (HDBR + CO2) who developed signs of SANS and 
those who did not (Lee et al., 2019; Mahadevan et al., 2021; Richmond et al., 2024). Subjects with SANS had slower 
speed but greater accuracy on sensorimotor and cognitive testing (Lee et al., 2019). Richmond et al. (2024) found 
the subjects who developed signs of SANS during bedrest had significantly greater median volume and width in MRI-
visible perivascular spaces (PVS), and diffusion tensor imaging along the PVS (DRIALPS) index than those who did not 
develop signs of SANS, and the non-SANS group experienced a significant reduction in median volume of the PVS and 
DTIALPS index during bedrest compared to before bed rest. Brain activities associated with the simultaneous 
performance of cognitive and motor tasks also differed between the SANS and non-SANS groups, with the former 
exhibiting slower reaction times during performance of dual  tasks (Mahadevan et al., 2021). Investigators remarked 
that the role of hypercapnia in SANS is unclear because some subjects who were not exposed to elevated levels of 
CO2 developed signs of SANS, and data collected by Laurie et al. (2020) and by Mahadevan et al. (2021) in the VaPER 
study demonstrated no significant changes in arterialized PaCO2 with exposure to 3.8 mmHg CO2. However, 
McGregor et al. (2021) reported finding a greater and statistically significant difference in PaCO2 in the VaPER study. 
Additional studies are required to disentangle contributions of HDBR and hypercapnia in the development of 
symptoms of SANS (Richmond et al., 2024; Roberts et al., 2021). 
 

Influences of CO2 on neural functions, including sensorimotor outcomes, examined in the VaPER study, have been 
widely reported. Lee et al. (2019) found that VaPER subjects had greater enhancement of processing speed on 
cognitive tests and decreases in functional mobility than subjects pooled from an earlier 70-day HDBR study that 
was conducted in ambient air with 18 male subjects aged 25.8 to 39.8 years who were assigned to either a control 
group, a group performing aerobic and resistance exercise, or a group exercising with a flywheel. Hupfeld et al. 
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(2020) also compared VaPER subjects to those of an earlier 70-day HDBR study. The investigators used functional 
MRI to examine brain activity in response to pneumatic skull taps, which stimulates the vestibular system, and found 
increased deactivation of certain brain regions was associated with better balance after HDBR. The HDBR + CO2 
induced greater increases in activation of multiple frontal, parietal, and temporal regions during vestibular 
stimulation over the course of bed rest than HDBR alone, which suggests that elevated levels of CO2 may alter 
vestibular processing and compensation (Hupfeld et al., 2020). Banker et al. (2021) found that the sensorimotor 
adaptation in response to mechanical or sensory perturbations was unchanged in VaPER subjects. However, based 
on findings of earlier studies, improvements had been expected, therefore, elevated levels of CO2 may have 
interrupted potential learning effects. Changes in resting state functional connectivity and sensorimotor behavior 
of VaPER subjects (HDBR +CO2) were compared to these responses in 8 subjects (2 females) who participated in a 
subsequent 60-day HDBR study in which they breathed ambient air (McGregor et al., 2021). Functional network 
encompassing bilateral insular cortices and right posterior cingulate cortex, which is thought to be involved in 
introspection and autobiographical memory retrieval and controlling balance between internal and external 
attention, exhibited a distinct pattern of changes in functional connectivity during HDBR + CO2 that differed from the 
changes observed in the HDBR control group, which suggests that the observed changes in connectivity were due to 
the combination of HDBR and elevated CO2 that caused HDBR-associated multisensory reweighing and CO2 
affecting vascular perfusion (McGregor et al., 2021). Although Laurie et al. (2020) found no change in PaCO2, or 
cerebrovascular reactivity in VaPER study subjects, analysis of blood samples collected during the VaPER study as 
part of NASA’s standard measures study showed a significant increase in PaCO2 from after HDBR compared to values 
before HDBR (McGregor et al., 2021). Salazar et al. (2021) examined brain activation during visuomotor adaptation 
and performance and found no statistically significant differences between the HDBR+CO2 group and the HDBR 
controls, suggesting that effects of visuomotor adaptation performance were due primarily to bed rest rather than 
elevated CO2. Noting the disparate findings of interactive or additive effects of HDBR + CO2 on vestibular 
processing (Hupfeld et al., 2020) and activation of brain regions associated with spatial working memory (Salazar 
et al., 2020) but not visuomotor adaptation, Salazar et al (2021) suggested that elevated CO2 effects may be task-
specific, at least at the level and duration of elevated CO2 employed in the VaPER study. 
 
Assessments of effects of CO2 on cognition and performance in the VaPER study produced varied findings. Lee et al. 
(2019) found an enhancement of processing speed indicated by a significant group-by-time interaction for 
completion time on the digit symbol substitution task, where the completion times were faster for the HDBR + CO2 

group than the group exposed to HDBR alone. Completion of a functional mobility task was significantly slower in 
the group exposed to elevated CO2. No differences were observed in spatial working memory between the two 
groups. On the other hand, Basner et al. (2021), who used a battery of cognitive assessments called “Cognition” on 
the VaPER study subjects reported that elevated CO2 neither improved nor deteriorated HDBR effects on cognitive 
performance. Assessment of performance in the VaPER study using counting, tapping, and preforming both tasks 
concurrently (dual task performance), found that HDBR + CO2 subjects performed tapping less accurately that the 
HBDR group, but overall, the data “do not indicate change in cognitive performance with either elevated CO2 or 
bed rest” and no significant brain-behavior correlations were found (Mahadevan et al., 2021). Recently, Flagner et 
al. (2024) used a sealed respiration chamber with fully controlled environmental variables to expose 20 healthy 
subjects to pure CO2 at 900 and 3000 ppm (0.7 mmHg and 2.3 mmHg, respectively) for 8 hours in cross-over single-
blinded study and found no effects of CO2 on physiological variables, decision-making, or cognition. Findings of 
studies that have assessed the effects of elevated levels of CO2 on cognition have been inconsistent (Fan et al., 
2023). The variability in outcomes among the studies could be due to differences in the populations assessed, the 
sensitivity of assessment methods (Fan et al., 2023; Scully et al., 2019), exposure concentrations, study design, and 
small sample sizes (De La Torre et al., 2012; Fan et al., 2023). 
 

Effects of exposure to elevated concentrations of CO2 on bone metabolism during strict 6o HDBR were evaluated by 
use of dual-energy X-ray absorptiometry (DXA) measures and biochemical analyses of blood and urine collected 
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during the VaPER and AGBRESA studies (McGrath et al., 2022). As was expected, because of the short duration of the 
study, no changes were detected in bone mineral density or bone mineral content. Biomarkers of bone resorption 
were increased after bedrest, relative to baseline values but exposure to CO2 produced no measurable increase in 
the concentration of minerals in serum and urine (McGrath et al., 2022). It is possible that the results were 
confounded by the control group’s exposure to 60 days of bedrest, whereas the bedrest plus 0.5% CO2 (3.8 mmHg) 
group’s exposure was only 30 days. 
 
During the VaPER study, effects of CO2 on sleep were gauged using measures of sleep, 24-hour core body 
temperature, and overnight transcutaneous CO2 (Christian et al., 2024). None of these variables, when measured 
during the exposure to CO2, differed significantly from the baseline values obtained prior to exposure. The normal 
increase in PCO2 that occurs during sleep was observed during baseline data collection, but contrary to expectation, 
the level did not increase during sleep while exposed to 0.5% CO2. The quality and duration of sleep did not 
depreciate significantly with exposure to elevated levels of CO2 (Christian et al., 2024). 
 

A pilot study designed to determine if the elevated concentrations of CO2 on the ISS could synergistically increase 
microbial pathogenesis factors found that pathogens grown in a spaceflight analog under elevated CO2 exhibited no 
detectable changes in virulence (Ott et al., 2024). 
 
An association exists between dry eye disease and the ISS environment as shown by 30% of ISS astronauts 
experiencing dry eye disease, possibly because the nominal CO2 level on ISS higher than nominal terrestrial conditions 
(Sampige et al., 2024). Further study is needed to better elucidate this potential relationship. 
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11. Risk Mitigation Framework – Color Changes 
 

 How do we know when we go from yellow  green? 
• LEO Short/Long—reduce frequency and magnitude of excursions 
• Lunar Orbital Short—assurance of accurate CO2 monitoring and adequate CO2 scrubbing 

capability 
• Mars Preparatory/Planetary—assurance of accurate CO2 monitoring, 

assurance of adequate control (scrubbing), and robust medical system to 
respond to symptoms 
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12. Risk → Standards → Requirements Flow 
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13. Proposed Standard Updates 
 

 None at this time. 
 
14. High Value Risk Mitigation Targets 

 Systematically evaluate acute spikes and swings in CO2 levels (Epidemiology/ Space Medicine 
Operations Division) 

 Systematically evaluate the correlation between cabin average CO2 levels and crew 
exposures by developing a method to continuously evaluate inhaled CO2 levels (human 
research Project [HRP]) 

 Off-nominal excursions are beyond the scope of the CO2 risk but should be 
investigated (magnitude, frequency, and duration) to support the development of an 
emergency (cabin) standard for CO2 level 

 Evaluate the physiological impacts of combining proposed exploration atmospheres 
(altered pressure/O2) with elevated ambient CO2 (HRP) 

 Suited CO2 limits are beyond the scope of the CO2 risk but should continue to be 
investigated under the Risk of Injury and Compromised Performance Due to EVA 
Operations 

 Monitor additional symptoms related to CO2 such as sinus congestion (Space Medicine 
Operations Division 3) 

 On-going evaluation of acquired cerebral changes (using MRI) are needed that would 
indicate LTH impacts, and further MRIs would be required after a mission (HRP) 

 
15. Conclusions 

 For all DRMS 
o Reliable CO2 monitoring 
o Reliable CO2 scrubbing 

 Concerns 
• Implementation of NASA standard 3001 is variable 
• The ISS has ongoing spikes and swings in CO2 levels and ongoing reports of 

symptoms (but largely within Flight Note rules) 
• Correlation between cabin CO2 levels and inspired CO2 levels are unknown 
• Effects of exploration atmospheres on CO2 sensitivity are unknown 
• Although no LTH effects from elevated levels of CO2 exposure in microgravity have 

been reported, further evaluation (such as brain MRI) is needed to rule out acquired 
cerebrovascular changes 
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16. Recommendations Accepted 

 The Risk Record for the CO2 Risk is revised to provide: 
• Likelihood x Consequence (LxC) scores assessed against updated DRMs 

and the 5x5 Risk Matrix 
• Updated evidence 

 

17. Acronyms and Abbreviations 
AGBRESA Artificial Gravity Bed Rest – European Space Agency 
CDRA Carbon Dioxide Removal Assembly 
CHIT A form used to exchange information between the MER and flight 

control center 
CO2 Carbon Dioxide 
CVR Cerebrovascular Reactivity to CO2 
CR Change Request 
DAG Directed Acyclic Graph 
DRM Design Reference Mission 
ECLS Environmental Control and Life Support 
HDBR head down tilt in bed rest 
HLS Human Landing System 
 
ICP Intracranial Pressure 
IOP Intraocular Pressure 
ISS International Space Station 
LEO Low Earth Orbit 
HSRB Human System Risk Board 
LTH Long-Term Health 
LxC Likelihood and Consequence 
MCA Major Constituent Analyzer 
MCAv Middle Cerebral Artery Blood Velocity 
MRI Magnetic Resonance Imaging 
mmHg millimeters of mercury 
Ops Operations 
p calculated probability 
pCO2m personal CO2 monitors 
pCO2 personal CO2 
PETCO2 End Tidal CO2 Pressure 
PIO2 Pressure inspired oxygen 
 
psia Pounds per square inch absolute 
PVT Psychomotor Vigilance 
SANS  Spaceflight Associated Neuro-ocular Syndrome  
SD  Space Medicine Operations Division (Division Code) 
SK Biomedical Research and Environmental Sciences Division (Division 
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Code) 
TAS Thermal Amine CO2 Scrubber  
USOS US On-Orbit Segment 
VaPER Vision Impairment and Intracranial Pressure (VIIP) and Psychological 

:envihab Research 
 



47  

18. Reference Materials 
 Aebi MR, Bourdillon N, Kunz A, Bron D, Millet GP. Specific effect of hypobaria on cerebrovascular 

hypercapnic responses in hypoxia. Physiol Rep. 2020 Feb;8(4):e14372. 
 Banker LA, Salazar AP, Lee JK, Beltran NE, Kofman IS, De Dios YE, Mulder E, Bloomberg JJ, Mulavara 

AP, Seidler RD. The effects of a spaceflight analog with elevated CO2 on sensorimotor adaptation. 
Journal of Neurophysiology. 2021 Feb 1;125(2):426-36. 

 Basner M, Stahn AC, Nasrini J, Dinges DF, Moore TM, Gur RC, Mühl C, Macias BR, Laurie SS. 
Effects of head-down tilt bed rest plus elevated CO2 on cognitive performance. J Appl 
Physiol (1985). 2021 Apr 1;130(4):1235-1246. doi: 10.1152/japplphysiol.00865.2020. Epub 
2021 Feb 25. PMID: 33630672. 

 Bhogal AA, Philippens ME, Siero JC, Fisher JA, Petersen ET, Luijten PR, Hoogduin H. Examining the 
regional and cerebral depth-dependent BOLD cerebrovascular reactivity response at 7 T. 
Neuroimage. 2015 Jul 1;114:239-48. 

 Brunstetter TJ, Zwart SR, Brandt K, Brown DM, Clemett SJ, Douglas GL, Gibson CR, Laurie SS, Lee AG, 
Macias BR, Mader TH, Mason SS, Meir JU, Morgan AR, Nelman M, Patel N, Sams C, Suresh R, Tarver 
W, Tsung A, Van Baalen MG, Smith SM. Severe spaceflight-associated neuro-ocular syndrome in an 
astronaut with 2 predisposing factors. JAMA Ophthalmol. 2024 Sep 1;142(9):808-817. 

 Christian KH, Petitti C, Ortega-Schwartz K, Mulder E, Noppe A, von der Wiesche M, Stern C, 
Young M, Macias BR, Laurie SS, Lovering AT. Development of optic disc edema during 30 
days of hypercapnic head down tilt bed rest is associated with short sleep duration and 
blunted temperature amplitude. J Appl Physiol. 2024 Feb 15; 136: 753–763. 

 De La Torre GG, van Baarsen B, Ferlazzo F, Kanas N, Weiss K, Schneider S, Whiteley I. Future 
perspectives on space psychology: recommendations on psychosocial and neurobehavioural 
aspects of human spaceflight. Acta Astronautica. 2012 Dec 1;81(2):587-99. 

 Fan Y, Cao X, Zhang J, Lai D, Pang L. Short-term exposure to indoor carbon dioxide and 
cognitive task performance: A systematic review and meta-analysis. Building and 
Environment. 2023 Apr 20:110331. 

 Fisher JA, Sobczyk O, Crawley A, Poublanc J, Dufort P, Venkatraghavan L, Sam K, Mikulis D, Duffin J. 
Assessing cerebrovascular reactivity by the pattern of response to progressive hypercapnia. Human brain 
mapping. 2017 Jul;38(7):3415-27. 

 Flagner S, Meissner T, Künn S, Eichholtz P, Kok N, Kramer R, van Marken-Lichtenbelt W, Ly 
C, Plasqui G. Cognition, Economic decision-making, and physiological response to indoor 
carbon dioxide: Does it really matter? Available at SSRN 4837032. 2024 May. 

 Hupfeld KE, Lee JK, Gadd NE, Kofman IS, De Dios YE, Bloomberg JJ, Mulavara AP, Seidler RD. 
Neural correlates of vestibular processing during a spaceflight analog with elevated carbon 
dioxide (CO2): a pilot study. Frontiers in Systems Neuroscience. 2020 Jan 10;13:80. 

 Kramer LA, Hasan KM, Sargsyan AE, Marshall-Goebel K, Rittweger J, Donoviel D, Higashi S, 
Mwangi B, Gerlach DA, Bershad EM; SPACECOT Investigators Group. Quantitative MRI 
volumetry, diffusivity, cerebrovascular flow, and cranial hydrodynamics during head-down 
tilt and hypercapnia: the SPACECOT study. J Appl Physiol (1985). 2017 May 1;122(5):1155-
1166.  

 Laurie SS, Christian K, Kysar J, Lee SMC, Lovering AT, Macias BR, Moestl S, Sies W, Mulder E, 
Young M, Stenger MB. Unchanged cerebrovascular CO2 reactivity and hypercapnic 
ventilatory response during strict head-down tilt bed rest in a mild hypercapnic 
environment. J Physiol. 2020 Jun;598(12):2491-2505. doi: 10.1113/JP279383. Epub 2020 
May 2. PMID: 32196672. 

 Laurie SS, Vizzeri G, Taibbi G, Ferguson CR, Hu X, Lee SM, Ploutz-Snyder R, Smith SM, Zwart SR, 
Stenger MB. Effects of short-term mild hypercapnia during head-down tilt on intracranial pressure 
and ocular structures in healthy human subjects. Physiol Rep. 2017 Jun;5(11):e13302. 

 Law J, Van Baalen M, Foy M, Mason SS, Mendez C, Wear ML, Meyers VE, Alexander D. Relationship 
between carbon dioxide levels and reported headaches on the international space station. J 
Occup Environ Med. 2014 May 1;56(5):477-83. 

 Lee JK, De Dios Y, Kofman I, Mulavara AP, Bloomberg JJ, Seidler RD. Head down tilt bed rest plus 
elevated CO2 as a spaceflight analog: effects on cognitive and sensorimotor performance. Front Hum 



48  

Neurosci, 2019 Oct 17;13:355. 
 Mahadevan AD, Hupfeld KE, Lee JK, De Dios YE, Kofman IS, Beltran NE, Mulder E, 

Bloomberg JJ, Mulavara AP, Seidler RD. Head-down-tilt bed rest with elevated CO2: effects 
of a pilot spaceflight analog on neural function and performance during a cognitive-motor 
dual task. Front Physiol. 2021 Aug 25;12:654906. 

 McGrath ER, Frings-Meuthen P, Sibonga J, Heer M, Clement GR, Mulder E, Smith SM, Zwart 
SR. Bone metabolism during strict head-down tilt bed rest and exposure to elevated levels 
of ambient CO2. npj Microgravity. 2022 Dec 16;8(1):57. 

 McGregor HR, Lee JK, Mulder ER, De Dios YE, Beltran NE, Kofman IS, Bloomberg JJ, 
Mulavara AP, Seidler RD. Brain connectivity and behavioral changes in a spaceflight analog 
environment with elevated CO2. Neuroimage. 2021 Jan 15;225:117450. 

 Richmond SB, Seidler RD, Iliff JJ, Schwartz DL, Luther M, Silbert LC, Wood SJ, Bloomberg JJ, 
Mulder E, Lee JK, De Luca A. Dynamic changes in perivascular space morphology predict 
signs of spaceflight-associated neuro-ocular syndrome in bed rest. npj Microgravity. 2024 
Mar 1;10(1):24. 

 Roberts DR, Collins HR, Lee JK, Taylor JA, Turner M, Zaharchuk G, Wintermark M, Antonucci 
MU, Mulder ER, Gerlach DA, Asemani D. Altered cerebral perfusion in response to chronic 
mild hypercapnia and head-down tilt Bed rest as an analog for Spaceflight. Neuroradiology. 
2021 Aug;63:1271-81. 

 Salazar AP, Hupfeld KE, Lee JK, Banker LA, Tays GD, Beltran NE, Kofman IS, De Dios YE, 
Mulder E, Bloomberg JJ, Mulavara AP. Visuomotor adaptation brain changes during a 
spaceflight analog with elevated carbon dioxide (CO2): a pilot study. Front Neural 
Circuits. 2021 Jun 7;15:659557. 

 Sampige R, Ong J, Waisberg E, Berdahl J, Lee AG. The hypercapnic environment on the 
International Space Station (ISS): A potential contributing factor to ocular surface 
symptoms in astronauts. Life Sci Space Res (Amst). 2025 Feb;44:122-125.  

 Scully RR, Basner M, Nasrini J, Lam CW, Hermosillo E, Gur RC, Moore T, Alexander DJ, 
Satish U, Ryder VE. Effects of acute exposures to carbon dioxide on decision making 
and cognition in astronaut-like subjects. NPJ Microgravity. 2019 Jun 19;5:17. 

 van Oosterhout WP, Perenboom MJ, Terwindt GM, Ferrari MD, Vein AA. Frequency and 
clinical features of space headache experienced by astronauts during long-haul space 
flights. Neurology. 2024 Apr 9;102(7):e209224.  

 Zwart SR, Laurie SS, Chen JJ, Macias BR, Lee SM, Stenger M, Grantham B, Carey K, Young 
M, Smith SM. Association of genetics and B vitamin status with the magnitude of optic 
disc edema during 30-day strict head-down tilt bed rest. JAMA ophthalmology. 2019 Oct 
1;137(10):1195- 200. 

 Zwart SR, Macias BR, Laurie SS, Ferguson C, Stern C, Suh A, Melin MM, Young M, Bershad 
E, Smith SM. Optic disc edema during strict 6° head-down tilt bed rest is related to one-
carbon metabolism pathway genetics and optic cup volume. Frontiers in Ophthalmology. 
2023 Oct 27;3:127983 



49  

Appendix – Existing Evidence Base 
 

Existing Evidence – Rev C 
 

Bedrest Studies 
 

 VaPER data (preliminary at last update) indicate no change in the 
following parameters during 30 days of 6° head-down tilt ‘strict’ bedrest at 
4 mmHg ambient CO2 in 11 healthy subjects 

• End-tidal personal CO2 (PCO2) 
• Arterialized PCO2 

• Cerebrovascular reactivity 

• Brain blood flow velocity 

• Ventilatory response to CO2 
 
 
 
 
 

 
 SANS related effects noted in VaPER were also noted in AGBRESA in the control 

condition without elevated CO2 
 
 

 
 Strict 6° head-down tilt bedrest resulted in (negative) impacts in several 

cognitive domains, but these were not impacted by the presence of absence of 
elevated CO2 (4 mmHg) nor by the inclusion of artificial gravity 
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In-Flight Data 
 
 Basner M, Smith M, Jones C, Riedy S, Stahn A, Shou H, Tu D, 

Aeschbach D, Romoser A, Ryder V, Williams S, Dinges D. Advanced 
algorithms for the prediction of adverse cognitive and behavioral 
conditions in space. NASA Human Research Program’s Investigators’ 
Workshop, Jan 27-30, 2021 Galveston TX. 

 
Determined the following in-flight environmental variables with the highest predictive value for PVT 
(Psychomotor Vigilance Test) performance: 

• Past PVT performance 

• Self-reported workload, sleep quality, sleepiness, physical exhaustion, mental fatigue, 
and stress 

• Radiation 

• Temperature 

• Oxygen (O2) and Carbon Dioxide (CO2) levels 
• Sleep duration and predicted lapses based on sleep history 

• Age 
 
 

 Air quality symptom questionnaires—recommended when symptoms 
potentially related to CO2 are reported by a crewmember 

• Between 2015–2020 
• 35 crewmembers have flown since the Inflight Air Quality Symptomology 

Questionnaire was implemented in 2015 (data is through 2020 and does not include 
Russian crewmembers) 

• 14 reports from 10 crewmembers 
• The most consistent report was congestion 
• All symptoms reported through the questionnaire were alleviated by medications 

(antihistamines or analgesics) 
• Some crewmembers have reported symptoms (in-flight and post flight debriefs) that were NOT 

documented in this questionnaire. 
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 Evaluation of Congestion 
• Analysis conducted on the ISS through 2015 
• Logistic regression modeling used to assess the association between reports of 

congestion and CO2 levels and age of station 

– log  = 𝛽𝛽𝛽𝛽0 + 𝛽𝛽𝛽𝛽1 x 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼age + 𝛽𝛽𝛽𝛽2 x 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 

– Adjusted for repeated measures within crew across time 
– Multiple Imputation used to address missing CO2 

• Congestion has been associated with age of station (years) (OR: 1.25) CO2 
(mmHg) (OR: 1.21) (data pending publication) 
– Age of station and CO2 are confounded, but both contribute to congestion 

reports 
– After 20+ years, age is the stronger contributor to the predicted probability of 

congestion reports 
 

 Updates to CO2 Removal Technology Demonstrations 
• Thermal Amine Scrubber (TAS) 

– Launched in April 2019 on Cygnus NG-11 
– 340 days of cumulative on orbit run time 
– Demonstrated capability to manage CO2 levels well below current CHIT requirement 

of 3 mmHg (24-hr average) when combined with single Carbon Dioxide Removal 
Assembly (CDRA) but has experienced several reliability issues over the past 2 years. 

– TAS recovery expected by end of September 2021, pending SpaceX-23 Launch 
– Small air loss (~0.1 pounds mass per day) limits nominal operating mode 

equivalent removal for 2 crewmembers  
 

 Updates to CO2 Removal Technology Demonstrations (cont.) 
• 4-Bed CO2 Scrubber 

– Launched in August 2021 on Cygnus NG-16 
– Based on existing CDRA with the following upgrades 

 New sorbent materials 
 Efficiently designed sorbent beds (packaging & heaters) 
 Robust valves 
 Higher flow rates 
 Robust filters 

– Activation expected by end of September 2021 
– Agreement in place with the Space Medicine Operations Division to operate TAS 

and 4-Bed simultaneously (or with single CDRA) with expectation to achieve levels 
at or near 2 mmHg 

• Mini Scrubber 
– Core technology still in development 
– On orbit demonstration no earlier than Fall 2023 
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Existing Evidence – Rev B 
Terrestrial Evidence (Acute Exposure) 

Cognitive Data 

 Allen JG, MacNaughton P, Satish U, Santanam S, Vallarino J, Spengler JD. 2016. 
Associations of cognitive function scores with carbon dioxide, ventilation, and 
volatile organic compound exposures in office workers: a controlled exposure 
study of green and conventional office environments. Environ Health Perspect 
124:805–812; http://dx.doi.org/10.1289/ehp.1510037 

 
This study, which involved controlled exposure of office workers to different building conditions, 
showed that improved indoor air quality, particularly with lower CO2 and volatile organic 
compound (VOC) levels, correlated with better cognitive performance.  

 
• Study Design: 8-hour daily exposure to green (CO2 = 0.7 mmHg), green+ (CO2 = 0.4 mmHg) or 

conventional office environments (CO2 = 1.0) mmHg.  
• Key Results: Participants in green and green+ environments, characterized by higher ventilation rates 

and lower volatile organic compound (VOC) levels, exhibited significantly better cognitive 
performance across various domains. 

• Study Caveats: Outdoor air quality (particularly ozone) varied over the course of the exposure and 
although VOCs and CO2 levels were independently associated with cognitive scores, the effect of CO2 
alone was not studied. 

• Questions: What is the functional impact of a 50% decline in cognitive measures? The study suggests 
that even modest improvements in indoor air quality can lead to substantial enhancements in 
cognitive abilities such as decision-making but does not indicate if performance is acceptable in 
conventional environments. 

 

 Rodeheffer CD, Chabal S, Clarke JM, Fothergill DM. Acute Exposure to Low-to-
Moderate Carbon Dioxide Levels and Submariner Decision Making. Aerosp Med 
Hum Perform. 2018 Jun 1;89(6):520-525 

 
This study investigated whether submariner decision-making performance is impacted by acute 
exposure to the levels of CO2 typically found in the submarine atmosphere. 

 
• Study Design: Subject-blinded balanced design with 36 submarine-qualified male sailors (age 20–47 

years) were randomly assigned to one of 3 CO2 exposure conditions: 0.5, 1.9, or 11.4 mmHg. 

• Key Results: No significant differences were detected for any of the 9 strategic management 
simulation test measures to assess decision making in the different CO2 exposure conditions. 

http://dx.doi.org/10.1289/ehp.1510037
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• Study Caveats: Statistical analysis was not performed a priori (lack of available data) and there was no 
within-subject design. 

• Questions: Does chronic exposure (3-month submarine mission or 6–12-month ISS mission induce 
cognitive deficits that are not capture in this acute study (4 hours)? Do acute peak exposure (spikes) 
in addition to an elevated background level of C02 impact cognition? 

 
 
 

 Allen JG, MacNaughton P, Cedeno-Laurent JG, Cao X, Flanigan S, Vallarino J, 
Rueda F, Donnelly-McLay D, Spengler JD. Airplane pilot flight performance on 21 
maneuvers in a flight simulator under varying carbon dioxide concentrations. J 
Expo Sci Environ Epidemiol. 2019 Jun;29(4):457-468. doi: 10.1038/s41370-018-
0055-8. 

 
This study found that higher CO2 levels in the flight simulator negatively impacted pilot 
performance. 
 
• Study Design: Randomized blinded study of commercial airline pilots who completed three 3-hour 

flight segments in a simulator at different CO2 concentrations: 0.6, 1.1, or 1.9 mmHg. 

• Key Results: Maneuver performance degraded at 1.9 mmHg relative to 0.5 mmHg. 

• Study Caveats: Outcome (performance) was subjective and may have varied by evaluator. Evaluators 
were exposed to the same levels of CO2. Scenarios did not use realistic flight-like parameters. 
Ventilation parameters and/or exposure to other volatile compounds were not evaluated. Learning 
effects may not have been controlled.  

• Question: How is this study applicable to more realistic flight/spaceflight operational scenarios? 
 
 

 
 
 

 Scully RR, Basner M, Nasrini J, Lam CW, Hermosillo E, Gur RC, Moore T, 
Alexander DJ, Satish U, Ryder VE. Effects of acute exposures to carbon dioxide 
on decision making and cognition in astronaut-like subjects. NPJ Microgravity. 
2019 Jun 19;5:17. doi: 10.1038/s41526-019-0071-6. 

 
 

This study found that acute exposure to CO2 at levels below those typically found on the ISS can 
negatively impact decision-making and cognitive functions. 

 
• Study Design: Randomized double-blinded, controlled, balanced cross-over study of astronaut-like 

subjects who were exposed to 0.5, 0.9, 1.9 or 3.8 mmHg for 3 hours per session 

• Key Results: Performance decreased for most measures in the strategic measurement simulation test 
for 0.9 mmHg exposure compared to baseline (0.5 mmHg), however, at higher CO2 concentrations 
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performance was similar to, or exceeded, baseline for most measures. In contrast to a previous study 
(Satish et al., 2012), performance on the strategic measurement simulation test never declined 
below average (50–75th percentile). No significant changes were detected on 9 of the 10 tests 
administered by the Cognition test battery. Accuracy on the visual object learning test (one of the 
Cognition test battery measures) increased with exposure to 1.9 mmHg CO2 (similar to reports by 
Basner et al., 2017). Speed and accuracy over all 10 Cognition tests was reduced for the 0.9mmHg 
CO2 exposure compared to performance for the other CO2 levels. 

• Questions: Were the cognitive endpoints measured most relevant for spaceflight contingency 
operations? Were the effects noted at 0.9 mmHg caused by something other than CO2? Are these 
terrestrial data relevant to microgravity conditions, or are thresholds lower in microgravity? Does a 
chronic exposure of 6–12 months on the ISS induce cognitive effects that are not captured by acute 
exposure (3 hours)? 

 
 

Figure 1 from Scully et al. 2019 
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SMS Satish et al. (2012) NASA (2016) 

SMS= strategic measurement simulation test 
 
 

“Cognition” Responses (Mean, 95% FI), taken from Figure 4 Scully et al. 2019 
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“Cognition” Responses Accumulated Across 10 Tests), Figure 5 Scully et al. 2019 
 

 
 

 
 
Physiological Data 

 
 Laurie SS, Vizzeri G, Taibbi G, Ferguson CR, Hu X, Lee SM, Ploutz‐Snyder R, Smith 

SM, Zwart SR, Stenger MB. Effects of short‐term mild hypercapnia during head‐
down tilt on intracranial pressure and ocular structures in healthy human 
subjects. Physiological reports. 2017 Jun;5(11):e13302 

 
This study investigated how mild hypercapnia (increased CO2 levels in the blood) combined with a 
head-down tilt position affects ICP and structures in the eyes of healthy individuals.  

 
• Study Design: Randomized sonographer-blinded, repeat measures study in which noninvasive IOP and ICP, 

cerebral and ocular ultrasounds, and optical coherence tomography scans of the maula and optic disc were 
obtained from 8 men during three 1-h sessions in seated, 6ᵒ head down tilt (HDT), or HDT with 7.6 mmHg 
CO2. Analysis of one-carbon pathway genetics previously associated with SANS was also conducted. 

• Key Results: Increased levels of CO2 did not cause a 1:1 change in arterial pCO2. HDT also induced IOP that 
was further exacerbated by elevated levels of CO2. HDT increased ICP, optic nerve sheath diameter, and 
choroidal thickness compared to the values obtained in a seated position, but adding mild hypercapnia 
during HDT did not significantly worsen these changes. Genetic polymorphisms related to one-carbon 
metabolism were linked to individual differences in IOP, ICP, and end-tidal PCO2. 

• Study Caveats: Measures of ICP were indirect, and data regarding accuracy were lacking. Outcome measures 
were taken sequentially rather than concurrently at the end of each condition. Subjects observed that the 
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breathing devices were not connected to the breathing reservoir, so the study was not blinded during the 
control conditions. The number of subjects was small.  

• Question: what effects would be observed with longer acute or chronic exposures? 

 

 

PCO2 Levels, IOP and ICP  
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 Kramer LA, Hasan KM, Sargsyan AE, Marshall-Goebel K, Rittweger J, Donoviel D, 
Higashi S, Mwangi B, Gerlach DA, Bershad EM; SPACECOT Investigators Group. 
Quantitative MRI volumetry, diffusivity, cerebrovascular flow, and cranial 
hydrodynamics during head-down tilt and hypercapnia: the SPACECOT study. J 
Appl Physiol (1985). 2017 May 1;122(5):1155-1166. doi: 
10.1152/japplphysiol.00887.2016 

 
This study used MRI to measure anatomical and physiological changes in the brain and ocular 
structures to evaluate the effects of HDT and hypercapnia on brain physiology. 

 
• Study Design: Double blinded, cross-over study of 6 men who were exposed for 26.5 h to 12ᵒ HDT 

with ambient air or with 3.8 mmHg CO2 and both conditions were followed by 2.5-h exposure to 23 
mmHg CO2. 

• Key Results: Cerebrovascular flow was no different under either CO2 exposure condition. HDT 
decreased cerebrovascular flow, and this effect was reverse by the exposure to 23 mmHg CO2. Acute 
exposure to 23 mmHg CO2 augments cerebral spinal fluid pulsatility within the cerebral aqueduct and 
the lateral ventricles. ICP pulsatility during exposure to 23 mmHg CO2 was more notable after HDT 
with ambient air then HDT with 3.8 mmHg CO2. ICP pulsatility may contribute to pathophysiology 
even in the absence of elevated static ICP. 

• Study Caveats: the number of subjects was small. Baseline ICP pulsatility values were not the same for 
ambient air and CO2 conditions. Measures of ICP were inferred by cerebrospinal fluid flow 
characteristics and not measured directly. The effects of exposure to 23 mmHg CO2 without HDT was 
not included as a control condition. 

• Questions: Is there a synergistic effect on cerebrospinal fluid from combined exposure to HDT and 
elevated levels of CO2 that is likely encountered during spaceflight? What are the long-term effects of 
acute elevations in CO2 levels in conjunction with reduced craniospinal compliance and exposure to 
chronically elevated levels of CO2? 
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 Marshall-Goebel K, Mulder E, Bershad E, Laing C, Eklund A, Malm J, Stern C, 
Rittweger J. Intracranial and Intraocular Pressure During Various Degrees of 
Head-Down Tilt. Aerosp Med Hum Perform. 2017 Jan 1;88(1):10-16. doi: 
10.3357/AMHP.4653.2017. 

 
This study investigated the impact of different degrees of HDT on ICP and IOP. 

 
• Study Design: Experiment I measured ICP and IOP in 9 healthy men (mean age 24 +/- 2.4 yrs) after 3.5 

hours of HDT in 5 conditions: -6ᵒ, -12ᵒ, and -18ᵒ HDT with 7.6 mmHg CO2 and -12ᵒ HDT with -20 mmHg 
lower body negative pressure (LBNP). Experiment II measured IOP in 16 healthy subjects after 5 mins 
of tilt at +12ᵒ, 0ᵒ, -6ᵒ, -12ᵒ, and -24ᵒ, at various angles, with and without 40 mmHg LBNP.  

• Key Results: No significant differences were detected in ICP and IOP when HDT was conducted in 
ambient air or 7.6 mmHg CO2. 

• Study Caveats: Baseline measurements were taken in supine position; however, it would have been 
useful for future studies if there was a comparison between the interventions and both the upright 
and supine postures. Number of subjects was small.  

• Question: Does exposure to elevated levels of CO2 exacerbate extended exposure (i.e., more than 3.5 
h) to HDT-induced ICP and IOP? 

 
 
 
 

 Lawley JS, Petersen LG, Howden EJ, Sarma S, Cornwell WK, Zhang R, Whitworth 
LA, Williams MA, Levine BD. Effect of gravity and microgravity on intracranial 
pressure. J Physiol. 2017 Mar 15;595(6):2115-2127. doi: 10.1113/JP273557.  

 
This study found that while ICP is lower in microgravity compared to the supine position on 
Earth, it is not reduced to the levels seen in the upright posture on Earth. 

 
• Study Design: ICP was assessed in 5 men and 3 women who had an Ommaya reservoir inserted for 

delivering prophylactic central nervous system chemotherapy. Subjects were assessed in upright and 
supine position during acute exposure to microgravity (during parabolic flight) and simulated 
microgravity during HDT bedrest. The participants breathed increased ambient CO2 through a face 
mask during the tests. 

• Key Results: 5.3 mmHg CO2 had no effect on ICP either during real or simulated microgravity. The 
addition of 5.3 mmHg CO2 during parabolic flight slightly increased the fall in ICP. This suggests that 
the complete removal of gravity prevents the normal lowering of ICP that occurs when standing 
upright on Earth due to hydrostatic effects. 

• Study Caveats: The number of subjects was small. Only acute durations of microgravity could be 
induced.  
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Terrestrial Evidence (Acute Exposure) 
 
VaPER: 30 d 6°HDBR @ 3.8 mmHg CO2 Conducted in the :Envihab environmental chamber and bedrest 
facility German Aerospace Center (DLR) in Cologne 
 
Three studies were supported by the HRP’s Human Health Countermeasure Element  
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One study supported by HRP’s Human Factors and Behavioral Performance Element. 
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Inflight Evidence (Chronic Exposures) 
 
 

 

ISS and Terrestrial Signs and Symptoms Comparison 
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Operational Mitigations: Overall Strategy 
 
 

 

CO2 levels at ISS Jul 2017 – Jul 2018 
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Human System Risks – Proposed Levels of Evidence 
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Prisk et al., J Applied Physiol (2006) 101:439-447. 

 

 
 
Portable” CO2 Monitor 
System Plan 
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CO2 Removal Map (POCs Jim Knox & Craig Broerman) 
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Thermal Amine CO2 Scrubber (TAS) 
 



69  

 
 



70  

 

 
 

CO2 Exposures – Acute, Transient, Chronic 
Metric for Risk of Acute and Chronic Carbon Dioxide Exposure 
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 See Law et al., (2014). J Occupational Environ Med 56: 477-483 Figures 1 and 2. Existing Evidence – Rev A 
 
 
 

https://journals.lww.com/joem/abstract/2014/05000/relationship_between_carbon_dioxide_levels_and.4.aspx
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Existing Evidence – Rev A 
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Acute Exposure to High Concentrations of CO2 
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See Satish et al., 2012, Figure 2 

 
 

 

https://ehp.niehs.nih.gov/doi/pdf/10.1289/ehp.1104789
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Spaceflight Evidence 

 
Transient Exposure to High Concentrations of CO2 
 

24 Hour Peak CO2 Level 
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Spatially Based Transient Exposure 
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Transient Exposure Event 
 

 
Transient Exposure Summary 
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Existing Evidence – Previously Presented or Complementary Data 
 

Acute Exposure to High Concentrations of CO2 
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Spaceflight Evidence 
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Ground-based Evidence 
 

 
 
 
Chronic Exposure to High Concentrations of CO2 

Ground Based Evidence 
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Skill-Based Error (Involving Hardware) 
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Problem Solving, Procedural Errors 
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Effect of Training and Complexity? 
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