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Presenter: John James 

Synopsis: There have been a cluster of anecdotal reports that ISS crews are experiencing adverse health 

effects from on orbit exposure to CO2 levels well below the current Spacecraft Maximum Allowable 

Concentration (SMAC), which is 5.3 mmHg for 180 days of exposure. Developing evidence that this 

standard should be reduced to protect crew health is not a simple process. Dr. John James’ team looked 

at the reports of headaches by the crew during private medical conferences and matched these with 

CO2 levels around the time of these reports. They then compared these to CO2 levels when there were 

no reports of headache. Using benchmark dose modeling, they found that the risk of headache could be 

predicted in concentration ranges from 2 to 5 mmHg. However, the data are incomplete because there 

were insufficient data when crews were exposed to concentrations below 2 mmHg. James’ team also 

asked whether neuro-cognitive effects could be identified with CO2 exposure levels and found that 

these could not be associated with CO2 levels. Finally, they addressed the question of resource use to 

meet various levels of CO2 control if the SMACs were lowered. They estimated that CO2 restrictions 

approaching 2 mmHg would require substantial increases in power use and up-mass resources. They are 

refining their data on CO2 and headaches, and are looking at potential interactions of intracranial 

pressure and CO2 levels in eliciting ocular effects.  

Biography: Dr. John James earned a Ph.D. in pathology from the Graduate School of the University of 

Maryland School of Medicine in 1981 and has been a board-certified toxicologist since 1986. He came to 
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JSC in 1989 and serves as the agency chief toxicologist. As such, he is responsible for air quality in 

human-rated spacecraft. His current research interests include the pulmonary toxicity of lunar dust, the 

interplay between intracranial pressure and high CO2 levels as they might affect crew health, and 

methods to discern health effects from exposures to mixtures of compounds.       
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PathwayPathway
• Risk: Exposures to CO2 during                        2

spaceflight
• Risk Management: Spacecraft Maximum

Allowable Concentrations(SMAC)Allowable Concentrations(SMAC)
• Reality: Current ISS status with CO2
• Revision: Initial attempts to associate elevated CO2 with p 2

acute adverse effects
• Revision: Attempts to associate sustained and elevated 

CO2 levels with lasting adverse effectsCO2 levels with lasting adverse effects
• Selection: Thoughts on genetic differences
• Transition to Operations: flight rules

L ki h d d f l i• Looking ahead: near‐term and for exploration



Risk: 24‐hr Exposures to CO2 During 
fli h fSpaceflight from MCA Data
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Risk Management: Spacecraft Maximum Allowable 
C t ti (SMAC )Concentrations (SMACs)

All available  Review by 

Flight 
Rules

ARS 
Design

toxicology 
studies

Physiological 

JSC Toxicologist 
proposes SMAC 
with thorough 

y
committee of 
the National 
Research 
Council

Final document 
bli h d i

Requirements

y g
changes 
caused by 
spaceflight

g
documentation

Council 
Committee on 
Toxicology

published in a 
volume by The 

National 
Academies Press

Acceptable?No Yes
Genetic Factors

Other limits Pioneering 

External peer 
review by 
National

Structure‐Activity 
Analyses

g
Methods‐
Benchmark 
dose analysis

National 
Research 
CouncilCO2 SMACs set in 1994 and revised in 2008



Selected Exposure Limits for CO2

Source (year set) Time Limit (%)
US Navy in NRC (2007) 90 d 0.5
NRC (2007) EEGL 1 h 2.5( )

EEGL 24 h 2.5
CEGL 90 d 0.8

NIOSH (2004)-REL Working lifetime 0.5
OSHA-PEL Working lifetime 0.5
NIOSH (2004)-IDLH brief 4.0

ACGIH (2004)-TLV Working lifetime 0.5ACGIH (2004) TLV Working lifetime 0.5
ACGIH (2004)-STEL 15 min 3.0

SMAC (2008) 1 h 2.0 
SMAC (1996) 24 h 1.3  
SMACs (1996) 7-180d 0.7  

SMAC (2008) 1000 d 0.5



CO2 Control Aboard the ISS
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Reality: Current ISS status with CO2: 6 
b d khCrewmembers &Vozdukh Operating
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Revision: Attempts to Associate Elevated CO2
l i h d ffLevels with Acute Adverse Effects

• Behavioral Effects‐WinSCAT
– Mathematical  Processing
– Continuous Performance Task
– Code Substitution Delayed Recognitiony g
– Match to Sample
– Looked at total score, sub‐scores, and changes in these
– Compared to CO2 averages and peak levels 1 and 7 days beforep 2 g p y

• Headaches
– 12 Identified from private 

medical conferences in ~10 years of operation of ISSmedical conferences in  10 years of operation of ISS
– Searching call‐down records

• Visual disturbances



Revision: Attempts to Associate Elevated 
i h i d ffCO2 with Lasting Adverse Effects

– Visual changes are common during prolonged 
missions (48% complained of near‐vision 
difficulty)difficulty)

– Lasting visual changes have been reported in a 
few crewmembers after flightfew crewmembers after flight

Mader TH, et al. Optic disc edema, globe 
flattening, choroidal folds, and 
hyperoptic shifts observed in astronauts 
after long durtion space flight. 
Ophthalmology 2011; 118:2058‐2069



Data Sorting: Headaches vs. Incidence 
din CO2 Bands

• Raw incidence in four bands (% of PMCs)Raw incidence in four bands (% of PMCs)
– <2 mmHg
– 2‐3 mmHgg
– 3‐4 mmHg
– >4 mmHgg

• Use arcsine of square root of the decimal % to 
apply benchmark dose analysispp y y

• Calculated average CO2 level in each band
• Tried 5 benchmark dose models (3 ‘worked’)Tried 5 benchmark dose models (3  worked )



Headache Risk & 24‐hr Average CO2Headache Risk & 24 hr Average CO2

1% Risk
BB
M
D
L



Headache Risk & 24‐hr Average CO2Headache Risk & 24 hr Average CO2
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CDRA Power Consumed vs. Risk of PMC‐
R d H d h E iReported Headache ‐ Estimate

Risk ManagementCDRA Power (w)
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Δ Continuous Performance TaskΔ Continuous Performance Task

Δ CPT

CO2 mmHg CO2 mmHg



Selection: Semi‐Random Thoughts on 
Genetic DifferencesGenetic Differences

• Pigs appear to have widely variable response 
to stunning doses of COto stunning doses of CO2

• Humans with panic disorder (PD) respond 
differently to high levels of CO based ondifferently to high levels of CO2 based on 
subtype
– Respiratory vs non‐respiratory PD patients– Respiratory vs. non‐respiratory  PD patients
– PD runs in families
– Do high CO2 levels (>5%) have any relevance toDo high CO2 levels (>5%) have any relevance to 
possible genetic differences in the general 
population?



Transition to Operations: Flight Rules

• Current flight rule requires more drastic action 
as CO levels riseas CO2 levels rise

• In practical terms we try to operate with CO2
belo 4 mmHbelow 4 mmHg

• Management also depends on any symptoms 
presumed to be associated with CO2 exposure

• Hardware failures, local pockets, and large 
crew size can pose a challenge to managing 
CO2 to 3 mmHg or less



Looking Ahead‐Near TermLooking Ahead Near Term

• Acquiring more data from PMCs and SMOT notesAcquiring more data from PMCs and SMOT notes
• Does CO2 play a role in recently‐recognized ocular 
effects?effects?

• Can animal models inform us of the interaction of 
fluid shifts and elevated CO exposure in causingfluid shifts and elevated CO2 exposure in causing 
ocular effects?

• Would more sophisticated behavioral studies of• Would more sophisticated behavioral studies of 
astronauts on orbit reveal an association 
between deficits and elevated CO2?between deficits and elevated CO2?



Observations & Recommendations
• Aboard ISS we may be faced with some hard choices 
between management of crew health risks and 
practical CO2 managementpractical CO2 management.

• Explore differences in response to CO2 levels in the 
range from 2 to 8 mmHg using ground‐based model 
(bed rest?) identify genetic differences(bed rest?)  identify genetic differences.

• Perform blind challenges aboard the ISS to determine 
changes in susceptibility on orbit in the range from 2 to 
8 mmHg. Use highly sensitive tests to identify 
significant effects.

• Wemust have a clear grip on CO2We must have a clear grip on CO2
issues before we launch human 
exploration missions.
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