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1

ABSTRACT The National Aeronautics and Space Administration’s
(NASA’s) Bioastronautics Roadmap (BR) is “the framework used to
identify and assess the risks of crew exposure to the hazardous environ-
ments of space.” The BR was created to facilitate and support the
successful accomplishment of the three Design Reference Missions: a
one-year mission to the International Space Station, a month-long
stay on the lunar surface, and a 30-month round-trip journey to Mars.
The contents of the document are the identified risks, the research and
technology questions associated with these risks, and the desired
outcomes.

In 2003, NASA asked the National Academies to conduct a com-
prehensive assessment of the BR and identify the unique challenges in
accomplishing its goals. An ad hoc committee examined the content of
the BR, the process used in developing and updating it, and the con-
text in which the BR was developed and will be used.

The committee concluded that the current version of the BR is a
useful first step, but it will not be adequate to achieve its stated goals
unless the recommendations provided by the committee are incorpo-
rated into the document and into the thinking and actions of NASA’s
management. Four of the committee’s 16 recommendations were la-
beled “principal,” indicating their crucial role in a risk mitigation
plan. These are (1) accelerate countermeasure and technology devel-
opment; (2) establish a safe radiation exposure level for all relevant

Executive Summary
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2 A RISK REDUCTION STRATEGY FOR HUMAN EXPLORATION OF SPACE

risks; (3) incorporate quality-of-evidence measures, represent risk se-
verity separately from the state of the mitigation strategy or counter-
measure, and use standard uncertainty analysis techniques to quan-
tify risk uncertainty; and (4) ensure that the BR is a dynamic and
current database.

The committee identified both overarching and specific issues in
need of attention in the BR content. Overarching issues involve the
impact of various time factors on risk, the interactions among risks,
and the need to create two new cross-cutting categories of risk: “Hu-
man Systems Integration” and “Food and Nutrition.” Specific issues
include the need to (1) validate current and future crew selection cri-
teria; (2) group behavioral health risks into categories based on clini-
cal outcomes and address issues of human sexuality in long-duration
missions; (3) use actuarial data to estimate the likelihood of intrinsic
health alterations as part of the selection criteria for the Mars mission
crew; and (4) quantitatively evaluate mental and physical health risks
affecting crew health and mission success.

The committee concurred with NASA regarding the establish-
ment of an independent health and medical authority to enhance the
BR process and recommended that NASA (1) add human performance
failure due to organizational and cultural factors as a new risk; (2)
conduct periodic assessment of additional risks from lack of resources
and use this to make decisions about research support; (3) use Baye-
sian sequential trials approach and hierarchical random or fixed effect
methods to address the small sample size resulting from limited oppor-
tunities for space flight; and (4) reframe risks as either health or tech-
nology related, in order to address issues within the BR context.

INTRODUCTION

Extending the spatial and temporal boundaries of human space flight
are important goals for the nation and for the National Aeronautics and
Space Administration (NASA). However, human space flight remains an
endeavor with substantial risks, and these risks must be identified, man-
aged, and mitigated appropriately to achieve the nation’s goals in space.
The Bioastronautics Roadmap (hereafter referred to as the BR) is described
by NASA as “the framework used to identify and assess the risks of crew
exposure to the hazardous environments of space” (NASA, 2005). The BR
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EXECUTIVE SUMMARY 3

also “guides the prioritized research and technology development that,
coupled with operational space medicine, will inform the development of
medical standards and policies, the specifications of requirements for the
human system, and the implementation of medical operations.”

The BR was created to facilitate and support the successful accom-
plishment of the three Design Reference Missions described in the
President’s space initiative of January 14, 2004 (White House, 2004), spe-
cifically, a one-year mission to the International Space Station (ISS), a
month-long stay on the lunar surface, and a 30-month round-trip journey
to Mars. The stated goal of the BR is “to reduce risk through effective and
efficient mitigation solutions developed from a focused research and tech-
nology development strategy” (NASA, 2005). The contents of the docu-
ment are the identified risks; the research and technology questions associ-
ated with these risks; and the deliverables—or the desired outcomes or
solutions—related to these questions. Major processes of the BR include
risk identification and risk assessment. The context in which these risks are
identified includes the mission requirements for the three Design Refer-
ence Missions as well as the organization and systems within NASA and the
external organizations and systems that govern NASA (e.g., executive and
legislative branches of government, federal budget).

The February 2005 version of the BR used by the committee for its
review, in a traditional document format, is enclosed as a CD in the cover
of this report. Both the baseline document and the interactive version that
relates to specific risks and Design Reference Missions are available on-line
at http://bioastroroadmap.nasa.gov.

CHARGE TO THE COMMITTEE

In 2003, prior to the unveiling of the President’s space exploration
vision, NASA asked the Institute of Medicine (IOM), in collaboration with
the Division on Engineering and Physical Sciences of the National Acad-
emies, to conduct a review of the BR. Specifically, NASA asked the com-
mittee to (1) conduct a comprehensive assessment and report of the
strengths and weaknesses of the content and processes of the BR as applied
to the missions described in the President’s exploration initiative and (2)
identify the unique challenges for accomplishing its goals and objectives.
Specific questions for the committee to answer included—but were not
limited to—the following:
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4 A RISK REDUCTION STRATEGY FOR HUMAN EXPLORATION OF SPACE

1. How can the BR better capture and describe the critical risks and
key research and technology issues for risk reduction and management
so as to provide a framework for informed decisions regarding resource
allocation?

2. Does the BR use an appropriate method of risk assessment and
expression of risk assessment? Does it adequately communicate the meth-
ods underlying risk assessment and the resulting activities for different mis-
sion scenarios?

3. How well does the BR address different types of risk (e.g., health,
engineering) and their impact?

4. Are the categories of critical research issues and the metrics used to
analyze them appropriate (risk assessment and characterization, mechanis-
tic/process research, countermeasure development, and medical diagnosis
and treatment)?

5. Are efficiency and technology issues properly and adequately
addressed?

Responding to NASA’s request, the Committee on Review of NASA’s
Bioastronautics Roadmap approached its charge by focusing on the three
general categories of issues in the content of the BR (Chapter 2); the pro-
cess involved in the development, updating, and utilization of the BR
(Chapter 3); and the context within which the BR is framed and expected
to be used (Chapter 4). The committee held eight meetings, most of which
included a data-gathering session where testimony from NASA officials
and space science experts was heard. In addition, several committee mem-
bers met with NASA officials and other experts to gather information.

The committee’s conclusions and recommendations in this report are
based on published sources of information as well as on the committee’s
experience and expertise in the diverse fields included in the BR.

OVERALL ASSESSMENT OF THE
BIOASTRONAUTICS ROADMAP

The committee’s comments focus on areas in which improvement
seems necessary and most valuable, but the committee wishes to emphasize
that the present document demonstrates that NASA has considered many
of the key factors carefully and is handling many aspects of this complex
challenge appropriately. The committee was impressed by the progress that
appeared in the BR during the course of this review. The reader should not

Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html


EXECUTIVE SUMMARY 5

lose sight of these many positives when reading the following analyses, con-
clusions, and recommendations, which focus on opportunities for improve-
ment. The current version of the BR is a useful first step, but it will not be
adequate to achieve its stated goals unless the recommendations provided
here are incorporated into the document and into the thinking and actions
of NASA management. The BR must constantly be updated and main-
tained, the resulting action plans that flow from the BR must be supported
by adequate allocation of resources both to NASA and within NASA, and
the action plans must be implemented fully. If these criteria are met, the
committee believes that the BR will be an effective mechanism to mitigate
risks to human health and thus contribute to ensure mission success during
extended space flight.

PRINCIPAL FINDINGS AND RECOMMENDATIONS

The committee concludes that all of its recommendations should be
implemented in order to achieve the goals of the BR. However, the com-
mittee is convinced that the following four principal recommendations
must be applied if the BR is to be an effective approach to risk identifica-
tion and risk reduction associated with the Design Reference Missions.

Status of Readiness Levels

A variety of deliverable products result from the BR. Progress in these
areas is gauged by establishing “readiness levels” that delineate the level of
maturity of countermeasures or technologies to support the human system
in space. Currently, the BR proposes 183 projected deliverables. In the
context of the BR, these deliverables constitute the risk mitigation plan for
the human system. The BR emphasizes that “roadmap activities must focus
on operational issues and solutions to operational problems to support an
outcome-oriented approach.” Thus, “bioastronautics research is focusing
on deliverables at a readiness level of 4 or greater” (NASA, 2005, p, 17).
However, more than half (53%) of the deliverables proposed in the BR
rank below the stage 4 level of readiness and thus below the threshold for
priority in bioastronautics research consideration. The committee concludes
that this emphasis on an applied research agenda for NASA bioastronautics
is not without significant consequences and risks, especially given the rela-
tively immature status of current countermeasure development. Further,
the committee finds that the majority of projected BR countermeasures,
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6 A RISK REDUCTION STRATEGY FOR HUMAN EXPLORATION OF SPACE

mitigations, or other deliverables are in a nascent state of readiness (i.e.,
below the threshold for prioritization in bioastronautics research) and that
the state of countermeasure development significantly lags the need. Cur-
rent resources are unlikely to be sufficient to complete the BR mitigation
plan in a time frame that enables the exploration class missions envisioned
by NASA.

Recommendation 2.3—Accelerate Countermeasure and Technol-
ogy Development
The committee recommends that NASA initiate an aggressive
program, including the use of animal models, analog environ-
ments, and space flight, to significantly accelerate the progress
of all Countermeasure Readiness Levels and Technology Readi-
ness Levels that are essential to support the proposed explora-
tion agenda. Countermeasures and technologies at an unde-
fined or low state of readiness (the majority of the current
portfolio) should receive renewed attention. The committee
notes further that failure to do so will jeopardize the explora-
tion program outlined in the President’s vision for exploration
of January 2004.

Radiation Effects—
Establishing Risk-Specific Radiation Exposure Levels

The committee concludes that radiation effects are given ample weight
in the BR and concurs with NASA’s assessment that the duration of the
mission and the distance from Earth will determine the amount and type
of radiation exposure and the required shielding for both the vehicle and
the protective wear for extravehicular activity (EVA), with the associated
weight and design implications. However, the conventional rule of thumb
for terrestrial radiation protection—that is, that protection against late ra-
diation effects such as increased cancer risk will also protect against acute
radiation effects—may not hold for high-energy radiation (HZE) from ga-
lactic cosmic rays, particularly regarding central nervous system (CNS) im-
pairment. As with the other components of the BR, it will be essential to
follow the developments in both space and terrestrial biological research as
well as shielding technology to ensure crew health and safety for longer-
duration, higher-radiation-exposure exploratory missions.
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Recommendation 2.9—Establish a Safe Radiation Exposure Level
for All Relevant Risks
The committee recommends that a safe radiation exposure
level be established by NASA for each relevant risk, based on
projected flight duration and distance from Earth, and that
the technology to keep the level of exposure below that limit
be ensured. Inherent in this recommendation and consistent with
Recommendation 2.3, the committee concludes that NASA must
conduct further research to clarify the extent to which protracted
or low-dose HZE radiation exposure might contribute to mission-
damaging CNS effects.

Risk Assessment

The committee agrees that NASA’s decision to draw on expert opinion
in identifying and ranking risks is a reasonable strategy. However, the com-
mittee believes that there are weaknesses in the current risk assessment pro-
cess related to (1) lack of information regarding the quality of evidence that
informs risk assessment, (2) the obscuring of risk that results from “lump-
ing” both the risk and its associated mitigation into a single value, and (3)
lack of a quantitative measurement of uncertainty related to the risk. These
areas can, and should, be enhanced. Risk assessment should primarily be
evidence-based wherever possible, and where evidence does not exist, re-
search should be directed to acquiring the evidence needed. Rating the
quality of each published source of information should be a component of
the BR.

The committee also believes that disaggregation of risk from mitiga-
tion of risk is important because (1) aggregated risk values obscure the risk
itself and can lead to false confidence or concern, depending on the status
of countermeasure or technology development; (2) approaches that miti-
gate one risk may have a positive or negative impact on other risks or miti-
gations; and (3) changes in systems may have a positive or negative impact
on mitigations. Failure to track risk separately from risk mitigation could
well lead to failure to focus on the inherent relationships among risks and
mitigations.

In addition, the determination of risk always involves an element of
uncertainty. The committee concludes that the current printed and on-line
versions of the BR do not include any expression of uncertainty in terms of
risk estimates, reported confidence intervals, or narrative discussion.
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Recommendations 3.1, 3.2, and 3.3—Incorporate Quality-of-
Evidence Measures, Represent Risk Severity Separately from the
State of the Mitigation Strategy or Countermeasure, and Use
Standard Uncertainty Analysis Techniques to Quantify Risk
Uncertainty
The committee recommends that NASA (1) determine, and
incorporate into the BR, measures of the quality of the evi-
dence that form the basis for defining risks and the assess-
ments associated with each risk; (2) structure the BR to repre-
sent separately the severity and likelihood of each risk and the
state of the mitigation strategy or countermeasures associated
with each risk; and (3) whenever possible, restructure the BR
to include a quantification of the uncertainty of risks using
standard uncertainty analysis techniques (e.g., frequentist,
Bayesian, or possibility theory and approximate reasoning)
that will provide uncertainty distributions or ranges in addi-
tion to point estimates. This will help contribute to the subse-
quent definition of operating bands.

Risk Communication and Keeping the BR Current

The way in which risk-related information is represented in the BR
and communicated to users is important to its overall effectiveness as a
program management tool. One widely used format for representing risks
not currently incorporated into the BR is the NASA-wide Continuous Risk
Management Program, and the committee encourages its continued use
because it is widely recognized and understood throughout NASA. The
committee believes that the BR is better thought of and designed as a dy-
namic database of information relative to risk definition and assessment,
from which a document or set of alternative documents can be derived at
any time and incorporated into a risk management program. The web-
based on-line version of the BR is an important step in this direction.

It is fundamentally important that configuration control methods be
established and implemented to keep the BR up-to-date as new knowledge
and technologies develop. This process can be facilitated by identifying an
“owner and manager” within NASA for each set of related BR risks and
establishing a regular review cycle that should occur not less than once a
year. Where there is a desire to combine published research data with “ex-
pert opinion” from stakeholders, methods such as Bayesian updating and
elicitation of expert opinion are available.
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Recommendations 3.4 and 3.5—Ensure That the BR Is a Dynamic
and Current Database That Enhances Communication and Con-
veys Information Effectively
To enhance effective communication of the content of the BR,
the committee recommends that the BR be designed and uti-
lized as a dynamic database of information relative to risk defi-
nition and assessment, from which a document or set of alter-
native documents can be derived at any time and incorporated
into a risk management program.

The references currently cited in the BR must be updated to
reflect more recent research on both risk identification and
countermeasure development. Moreover, a mechanism should
be established for the ongoing review of the current best evi-
dence contained in the research literature, and methods should
be developed to integrate new findings from the literature with
the expert opinion of key stakeholders, including those from
operations and the research community.

The remaining recommendations focus on either general principles
(overarching issues) or specific issues that need to be addressed in the BR.
The committee believes that all of these are equally important and should
be implemented; thus, they are not presented in order of priority but rather
are grouped by the three principal themes of content, process, and context.

OVERARCHING ISSUES IN THE BR CONTENT

Overarching issues are those factors that, in the committee’s view, de-
serve wide review and application throughout the current BR and future
revisions of the BR. They should be viewed as strategic approaches to the
revision and management of the BR.

The Time Factor and Its Impact on Risk

Recommendation 2.1—Label Risks by Relevance to Operational
Requirements and Temporal Urgency
The committee recommends that risk assessment and mitiga-
tion (technology or countermeasure development) in the BR
be enhanced by labeling risks according to their relevance to
operational requirements and to temporal urgency.
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Interactions Among Risks

Recommendation 2.2—Define, Quantify, and Mitigate Interac-
tions Among Risks
The committee recommends that greater effort be devoted to
identifying and explaining the interrelations among risks and
risk mitigations that are grouped within and across the cross-
cutting categories in the BR.

Creating the Cross-Cutting Categories “Human Systems Integration”
and “Food and Nutrition”

Recommendations 2.4 and 2.5—Create Two New Cross-Cutting
Categories: Human Systems Integration and Food and Nutrition
The committee recommends that NASA create two new cross-
cutting categories in the BR:

1. A cross-cutting category that spans the two existing cat-
egories of “Behavioral Health and Performance” and “Space
Human Factors Engineering” risks listed currently in the area
of Advanced Human Support Technologies. This new category
should be labeled “Human Systems Integration,” consistent
with the terminology currently in use by the U.S. Department
of Defense (2004) and the Human Systems Integration in
NASA Headquarters.

2. The cross-cutting area “Nutrition” should be renamed
and expanded to “Food and Nutrition” to more fully encom-
pass the concepts of dietary needs for space flight and empha-
size the relationships between nutrition and food technology.
Further, the committee recommends that the impact of inad-
equate food and nutrition on processes related to mental and
physical health risks and maintenance of the space environ-
ment and life support systems be defined from the standpoints
of food safety, quality, and quantity, and interventions pro-
posed if problems occur.

SPECIFIC ISSUES

Specific issues are those areas that deserve focused attention and refine-
ment in the BR to more effectively accomplish its goals as a management
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tool. They should be viewed as tactics for the document, whereas the over-
all issues should be viewed as strategies.

Recommendations Related to Specific Issues in the BR Content

Recommendation 2.6—Validate Current and Future Crew Selec-
tion Criteria
The committee recommends that the Astronaut Office and rep-
resentative flight surgeons be consulted regarding the crew se-
lection process in order to place greater emphasis on the roles
of crew compatibility and team performance in overall mis-
sion success.

Recommendations 2.7 and 2.8—Group Behavioral Health Risks
into Categories Based on Clinical Outcomes, and Address Issues
of Human Sexuality in Long-Duration Missions
The committee recommends that behavioral health risks
within the proposed new cross-cutting category of Human Sys-
tems Integration be grouped into categories based on clinical
outcomes such as interpersonal conflict, affect regulation, dec-
rements in cognitive performance, mood disorders, and sleep
disorders, rather than categories such as psychosocial,
neurobehavioral, cognitive, and circadian rhythms, and that
the interrelations between these categories be delineated
clearly. In addition, issues of human sexuality should be ad-
dressed in the BR in relation to long-duration missions such
as the proposed Mars Design Reference Mission.

Recommendation 2.10—Use Actuarial Data to Estimate the Like-
lihood of Intrinsic Health Alterations as Part of the Selection Cri-
teria for the Mars Mission Crew
The committee recommends that, wherever possible, NASA
use actuarial data to estimate and/or model the likelihood of
intrinsic health alterations for crew who will be part of the
Mars mission. Utilization of this information as part of the
selection criteria for astronauts should be considered. After
intrinsic health risks are estimated, NASA should then esti-
mate and/or model the contribution of the space environment
and life support system malfunction to increased risk.
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Recommendation 2.11—Develop a System for Quantitative Evalu-
ation of Mental and Physical Health Risks Affecting Crew Health
and Mission Success
The committee recommends that a system be developed for
quantitatively evaluating the mental and physical health risks
that could affect mission success and crew health and that pri-
orities for countermeasure development (i.e., definitive treat-
ment vs. palliation) be established for the most likely condi-
tions to be encountered during each reference mission. A panel
of outstanding medical clinicians should be used to assist
NASA medical operations staff in characterizing the likeli-
hood, importance, and “treatability” of each condition.

Recommendations Related to Specific Issues in the BR Process

Recommendation 3.6—Establish an Independent Health and
Medical Authority
The committee endorses the principle that critical decisions
regarding safety and health should be made by an authority
that is independent of programmatic costs and schedules.
Given the importance and complexity of health and human
safety issues, the committee acknowledges and endorses the
creation of the Independent Health and Medical Authority
(IHMA), analogous to the Independent Technical Authority,
and recommends that the IHMA be given responsibility, au-
thority, and accountability for the health and safety decisions
that relate to risks identified in the BR.

Recommendations Related to Specific Issues in the BR Context

Recommendation 4.1—Add New Risk: Human Performance Fail-
ure Due to Organizational and Cultural Factors
The committee recommends that an additional risk labeled
“human performance failure due to organizational and cul-
tural factors” be added to the BR. It may prove optimal to
track this risk in a manner differently from the other risks in
the BR (e.g., annual analyses of organizational and cultural
risk in a separate report, use of an external standing panel to
discuss this issue regularly). The committee’s intent is that a
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risk-focused analysis of organizational and cultural issues be-
come a visible part of the BR process.

Recommendation 4.2—Conduct Periodic Assessment of Additional
Risks from Lack of Resources and Use This to Make Decisions
About Microgravity and Behavioral Research Support
The committee recommends that NASA perform regular, de-
tailed assessments of the additional risks to the conduct of the
President’s 2004 vision for space exploration posed by the lack
of available resources to fully address the issues posed in the
BR. This assessment should then be used to make early strate-
gic decisions regarding issues such as, but not limited to, the
following:

1. How to provide support for a microgravity research plat-
form that will have the resources (crew time, up-mass, facili-
ties, and power) for the large amount of work necessary to
validate countermeasures; achieve Technology Readiness Level
7 for life support systems sufficiently early in the design phase
to allow their integration into the overall vehicle; and demon-
strate the utility of medical procedures in microgravity.

2. How to support the extensive behavioral research pro-
gram that would be necessary to validate processes or counter-
measures such as select-in–select-out criteria (both for indi-
vidual crew members and for a composite crew), issues related
to cultural diversity, crew interactions, and isolation or stress-
induced hazards. These issues may well require long lead times
to study adequately.

Recommendation 4.3—Use Bayesian Sequential Trials Approach
and Hierarchical Random or Fixed Effects Methods to Address
the Small Sample Size
Drawing on the findings of the Institute of Medicine report
Small Clinical Trials: Issues and Challenges (IOM, 2001), the
committee recommends the use of pooled data from Bayesian
sequential trials techniques and hierarchical random or fixed
effects methods to compensate for the small sample sizes asso-
ciated with individual flights.
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Recommendation 4.4—Reframe Risks as Either Health or Tech-
nology Related
The committee recommends that the current definition of risk
be altered to clearly identify at least two types of risks: (1)
health and medical risk, defined as the conditional probabil-
ity of an adverse event to the human system (i.e., crew health
or medical event) resulting from exposure to the space flight
environment, and (2) engineering technology and system per-
formance risk, defined as the conditional probability of an
adverse event resulting from the space flight supersystem that
affects crew health or mission success.

Box ES-1 contains a summary of the report’s recommendations.

BOX ES-1
SUMMARY OF RECOMMENDATIONS

Principal Recommendations

2.3 Accelerate Countermeasure and Technology Development
2.9 Establish a Safe Radiation Exposure Level for All Relevant
Risks
3.1, 3.2, 3.3 Incorporate Quality-of-Evidence Measures, Repre-
sent Risk Severity Separately from the State of the Mitigation Strat-
egy or Countermeasure, and Use Standard Uncertainty Analysis
Techniques to Quantify Risk Uncertainty
3.4, 3.5 Ensure That the BR Is a Dynamic and Current Database
That Enhances Communication and Conveys Information
Effectively

Recommendations on Overarching Issues in the BR Content

2.1 Label Risks by Relevance to Operational Requirements and
Temporal Urgency
2.2 Define, Quantify, and Mitigate Interactions Among Risks
2.4, 2.5 Create Two New Cross-Cutting Categories: Human Sys-
tems Integration and Food and Nutrition
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Recommendations on Specific Issues in the BR Content

2.6 Validate Current and Future Crew Selection Criteria
2.7, 2.8 Group Behavioral Health Risks into Categories Based on
Clinical Outcomes, and Address Issues of Human Sexuality in Long-
Duration Missions
2.10 Use Actuarial Data to Estimate the Likelihood of Intrinsic
Health Alterations as Part of the Selection Criteria for the Mars Mis-
sion Crew
2.11 Develop a System for Quantitative Evaluation of Mental and
Physical Health Risks Affecting Crew Health and Mission Success

Recommendations on Specific Issues in the BR Process

3.6 Establish an Independent Health and Medical Authority

Recommendations on Specific Issues in the BR Context

4.1 Add New Risk: Human Performance Failure Due to Organiza-
tional and Cultural Factors
4.2 Conduct Periodic Assessment of Additional Risks from Lack
of Resources and Use This to Make Decisions About Microgravity
and Behavioral Research Support
4.3 Use Bayesian Sequential Trials Approach and Hierarchical
Random or Fixed Effects Methods to Address the Small Sample
Size
4.4 Reframe Risks as Either Health or Technology Related

BOX ES-1 Continued
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1

Introduction

Extending the spatial and temporal boundaries of human space flight
is an important goal for the nation and for the National Aeronau-
tics and Space Administration (NASA). However, human space

flight remains an endeavor with substantial risks, and these risks must be
identified, managed, and mitigated appropriately to achieve the nation’s
goals in space. The Bioastronautics Roadmap (BR) is the result of exten-
sive, commendable efforts on the part of NASA to prioritize research ef-
forts to meet these challenges. It is a broad and complex document that has
been developed with care and thought and has evolved over time as the
thinking at NASA has progressed regarding its role. During the time this
committee was active, the Bioastronautics Critical Path Roadmap of April
2004 (NASA, 2004) evolved into the Bioastronautics Roadmap of Febru-
ary 9, 2005 (NASA, 2005). The former contained 50 risks, 5 cross-cutting
areas, and 1,414 “enabling questions” for the three Design Reference Mis-
sions: the International Space Station (ISS), the lunar mission, and Mars.
The latter contains 45 risks, the same 5 cross-cutting areas, and 1,360 re-
search and technology questions. Other changes occurred as well, as NASA
reviewed and revised its own efforts, and in response to the committee’s
interim report of 2005 (IOM, 2005). For example, the concepts of “re-
quirements” and “operating bands” were strengthened considerably as the
BR evolved. Thus, the committee faced a considerable challenge in respond-
ing to its charge to review the BR and its related thought processes because
these were dynamic and evolving during most of the review process. How-
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ever, the committee recognizes that the ongoing changes represent progress
that is both necessary and appropriate, and it acknowledges the continued
focus on this approach as a management tool for bioastronautics. The
committee’s comments are, therefore, based on the Bioastronautics
Roadmap version of February 9, 2005, the current version at the time of
this writing (NASA, 2005), referred to as the BR. The February 2005
baseline version of the BR used by the committee for its review is enclosed
as a CD in the cover of this report. Both the baseline BR and the interactive
version that relates to specific risks and Design Reference Missions are avail-
able on-line at http://bioastroroadmap.nasa.gov.

The Bioastronautics Roadmap was developed collaboratively by
NASA’s Office of Biological and Physical Research and the Office of Space
Flight with the concurrence of the Office of the Chief Health and Medical
Officer. NASA describes the document as “the framework used to identify
and assess the risks of crew exposure to the hazardous environments of
space” (NASA, 2005). According to the baseline BR, the BR also “guides
the prioritized research and technology development that, coupled with
operational space medicine, will inform” the following:

1. The development of medical standards and policies
2. The specifications of requirements for the human system
3. The implementation of medical operations

The BR also provides information that helps establish operating
bands—or exposure limits—for humans exposed to risks during space travel
and develop countermeasures to maintain the health and functioning of
the crew within those limits and technologies to improve the safety and
productivity of human space flight. Operating bands represent an accept-
able range of performance or functioning, specifically for life support and
habitation systems. Exposure limits describe an acceptable maximum dec-
rement or change in a human physiological or behavioral parameter that
impacts the performance of assigned tasks or has implications for lifetime
medical status.

The BR was created to facilitate and support the successful accom-
plishment of the three Design Reference Missions described in the
President’s space initiative of January 14, 2004 (White House, 2004). The
stated goal of the BR is “to reduce risk through effective and efficient miti-
gation solutions developed from a focused research and technology devel-
opment strategy” (NASA, 2005). The contents of the BR are the identified
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risks; the research and technology questions associated with these risks; and
the deliverables—the desired outcomes or solutions to these questions.
Major processes of the BR include risk identification and risk assessment.
The context in which these risks are identified include the mission require-
ments for the three Design Reference Missions as well as the organization
and systems within NASA and the external organizations and systems that
govern NASA (e.g., executive and legislative branches of government, fed-
eral budget).

Efforts to understand and manage the risks associated with human
space flight have been ongoing at NASA for many years, and specific activi-
ties related to the development of a roadmap began in the early 1990s. The
process of risk identification that resulted in the BR commenced in 1997 in
brainstorming sessions involving NASA and non-NASA experts who rated
risks within their own discipline areas. With guidance from NASA and
other advisory reports (see Appendix A), 150 risks were identified. More
recently, and after several iterations, the list was culled to the 45 risks that
are the focus of the current BR. The BR currently identifies 31 human
health–related risks and 14 risks related to systems performance and effi-
ciency clustered in 5 cross-cutting areas: human health and countermea-
sures, radiation health, behavioral health and performance, autonomous
medical care, and advanced human life support technologies.

The final risks and related research questions were identified by
discipline-specific teams using internal NASA and external advisory com-
mittee reports, as well as other recent research findings. The Bioastronau-
tics Science Management Team, which includes NASA scientists, manag-
ers, and flight surgeons, and the National Space Biomedical Research
Institute (NSBRI) director reviewed and discussed the risks and provided
oversight for the project. In the spring of 2004, NASA held several consen-
sus workshops, which included the research community and NASA opera-
tions communities (flight surgeons, astronauts, and the medical office), to
address the sample size needed for research related to the risks identified,
the use of animal models, and the ranking of biomedical risks from the
point of view of astronauts and flight surgeons. In addition, NASA sought
comments on the BR from the relevant research communities in a web-
based query.

Risk assessment and rating are described in the BR for two general
types of risk: human health risks and system performance/efficiency risks.
The ratings for the human health risks derive from the analysis of the like-
lihood of occurrence of each risk, the severity of the consequences should a
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20 A RISK REDUCTION STRATEGY FOR HUMAN EXPLORATION OF SPACE

given event occur, and the status of efforts to mitigate each risk. For the
systems risks, the criterion is improved efficiency. Input from the iterative
process described above, including results of the workshops, fed into this
risk assessment. Table 1-1 shows the risk rating categories and priority defi-
nitions used in the BR.

The intent of this risk rating process is to aid communication and
decision making by demonstrating the consensus on the relative impor-
tance of each risk. The same criteria were applied to all 45 risks in the
current BR.

THE PRESIDENT’S INITIATIVE

On January 14, 2004, President George W. Bush announced his vision
for space exploration (White House, 2004). The President’s plan for con-

TABLE 1-1 Bioastronautics Roadmap Risk Rating Categories and
Priority Definitions

Risk Rating Human System Performance or
Priority Health Risks Efficiency Risks

1 Risk of serious adverse health Considerable potential for
or performance consequences, improvement in mitigation
and there is no mitigation efficiency in many areas; proposed
strategy that has been validated missions may be infeasible
in space or demonstrated without improvements.
on Earth.

2 Risk of serious adverse health Considerable potential for
or performance consequences, improvement in mitigation
and there is no mitigation efficiency in a few areas.
strategy that has been validated
in space.

3 Health and performance Minimum potential or limited
consequences are known or need for improvement in
suspected but will not affect mitigation efficiency.
mission success due to effective
mitigation strategies that have
been validated in space.

SOURCE: NASA (2005, Table 7-2).
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tinued human and robotic space exploration is summarized in Box 1-1.
The BR refers to three scenarios in the plan as “Design Reference Missions”
and describes them as follows: (1) a one-year mission to the International
Space Station (ISS); (2) a one-month stay on the lunar surface; and (3) a
30-month journey to Mars and back.

CHARGE TO THE COMMITTEE

In 2003, NASA asked the Institute of Medicine (IOM), in collabora-
tion with the Division on Engineering and Physical Sciences of the Na-
tional Academies, to conduct a review of the BR. Specifically, NASA asked
the committee to (1) conduct a comprehensive assessment and report of
the strengths and weaknesses of the content and processes of the Bioastro-
nautics Roadmap as applied to the missions described in the President’s
exploration initiative and (2) identify the unique challenges for accom-
plishing its goals and objectives. Specific questions for the committee to
answer included—but were not limited to—the following:

1. How can the BR better capture and describe the critical risks and
key research and technology issues for risk reduction and management
so as to provide a framework for informed decisions regarding resource
allocation?

2. Does the BR use an appropriate method of risk assessment and
expression of risk assessment? Does it adequately communicate the meth-
ods underlying risk assessment and the resulting activities for different mis-
sion scenarios?

3. How well does the BR address different types of risk (e.g., health,
engineering) and their impact?

4. Are the categories of critical research issues and the metrics used to
analyze them appropriate (risk assessment and characterization, mechanis-
tic/process research, countermeasure development, and medical diagnosis
and treatment)?

5. Are efficiency and technology issues properly and adequately
addressed?

In September 2004, the committee released its preliminary report to
NASA entitled Preliminary Considerations Regarding NASA’s Bioastronautics
Critical Path Roadmap (IOM, 2005). That document presented the
committee’s preliminary conclusions about the strengths and weaknesses of
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BOX 1-1
President Bush’s Vision for U.S. Space Exploration

The President’s plan for steady human and robotic space explora-
tion is based on the following goals:

1. First, America will complete its work on the International
Space Station by 2010, fulfilling our commitment to our 15 partner
countries. The United States will launch a re-focused research ef-
fort on board the International Space Station to better understand
and overcome the effects of human space flight on astronaut health,
increasing the safety of future space missions. To accomplish this
goal, NASA will return the Space Shuttle to flight consistent with
safety concerns and the recommendations of the Columbia Acci-
dent Investigation Board. The Shuttle’s chief purpose over the next
several years will be to help finish assembly of the Station, and the
Shuttle will be retired by the end of this decade after nearly 30
years of service.

2. Second, the United States will begin developing a new
manned exploration vehicle to explore beyond our orbit to other
worlds—the first of its kind since the Apollo Command Module. The
new spacecraft, the Crew Exploration Vehicle, will be developed
and tested by 2008 and will conduct its first manned mission no
later than 2014. The Crew Exploration Vehicle will also be capable

the April 2004 version of the BR. The present report builds on those pre-
liminary conclusions and provides recommendations to NASA about how
to address the issues identified by the committee. The present report refers
to the February 9, 2005, version of the BR.

METHODOLOGY

Responding to NASA’s request, the committee approached its task with
enthusiasm and a strong sense of commitment to the goals of NASA overall
and to its most visible images, the astronauts. The efforts of the committee
were buoyed by the excitement associated with the President’s exploration
initiative of January 2004. The committee included members with a broad
range of relevant expertise, and it supplemented that expertise by holding
eight meetings in either open session (see Appendix B) or executive session,
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where experts from NASA and elsewhere presented their views on relevant
content of the BR; by individual meetings between subgroups of the com-
mittee, NASA personnel, and outside experts; by more than 60 hours of
deliberations in executive session; and by countless hours of independent
reading, analysis, and team writing. This report represents the synthesis of
these efforts and the collective agreement of committee members.

OVERALL ASSESSMENT OF THE
BIOASTRONAUTICS ROADMAP

The committee’s comments focus on areas in which improvement
seems necessary and most valuable, but the committee wishes to emphasize
that the present document demonstrates that NASA has considered many
of the key factors carefully and is handling many aspects of this complex

of transporting astronauts and scientists to the International Space
Station after the Shuttle is retired.

3. Third, America will return to the Moon as early as 2015 and
no later than 2020 and use it as a stepping stone for more ambi-
tious missions. A series of robotic missions to the Moon, similar to
the Spirit Rover that is sending remarkable images back to Earth
from Mars, will explore the lunar surface beginning no later than
2008 to research and prepare for future human exploration. Using
the Crew Exploration Vehicle, humans will conduct extended lunar
missions as early as 2015, with the goal of living and working there
for increasingly extended periods. The extended human presence
on the Moon will enable astronauts to develop new technologies
and harness the Moon’s abundant resources to allow manned ex-
ploration of more challenging environments. An extended human
presence on the Moon could reduce the costs of further explora-
tion, since lunar-based spacecraft could escape the Moon’s lower
gravity using less energy at less cost than Earth-based vehicles.
The experience and knowledge gained on the Moon will serve as a
foundation for human missions beyond the Moon, beginning with
Mars. NASA will increase the use of robotic exploration to maximize
our understanding of the solar system and pave the way for more
ambitious manned missions. Probes, landers, and similar un-
manned vehicles will serve as trailblazers and send vast amounts
of knowledge back to scientists on Earth.
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challenge appropriately. The committee was impressed by the progress that
appeared in the BR during the course of its review. The reader should not
lose sight of these many positives when reading the following analyses, con-
clusions, and recommendations, which focus on opportunities for improve-
ment. The current version of the BR is a useful first step, but it will not be
adequate to achieve its stated goals unless the recommendations provided
here are incorporated into the document and into the thinking and actions
of NASA management. The BR must constantly be updated and main-
tained, the resulting action plans that flow from the BR must be supported
by adequate allocation of resources both to NASA and within NASA, and
the action plans must be implemented fully. If these criteria are met, the
committee believes that the BR will be an effective mechanism to mitigate
the risks to human health and thus contribute to ensuring mission success
during extended space flight.

STRUCTURE OF THE REPORT

The report has been structured according to the committee’s charge
insofar as the BR content (Chapter 2) and process (Chapter 3) are con-
cerned. Chapter 4 deals with issues relevant to the BR context and thus
addresses what the committee views as the unique challenges faced by
NASA in accomplishing the roadmap’s goals and objectives. Specific ques-
tions posed in the charge are addressed in the relevant sections of this re-
port. The Summary presents the committee’s finding and recommenda-
tions, highlighted throughout the report.
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2

Considerations Regarding the BR Content

The major content areas of the current Bioastronautics Roadmap
(BR) include 45 risks that are assigned to one of 5 cross-cutting
areas: (1) Human Health and Countermeasures, (2) Autonomous

Medical Care, (3) Behavioral Health and Performance, (4) Radiation
Health, and (5) Advanced Human Support Technologies (NASA, 2005).
Although not emphasized in the body of the BR, the associated appendixes
provide data regarding technology readiness levels and countermeasure
readiness levels (NASA, 2005, Appendix A) associated with each risk; indi-
cate some anticipated interactions among risks (NASA, 2005, Appendix
B); and depict a preliminary schedule of deliverables for the 5 cross-cutting
areas (NASA, 2005, Appendix C). The risks are further described by their
associated research and technology questions, and all of the above are fur-
ther analyzed relative to the Design Reference Missions. Together, these
areas result in a multidimensional matrix that challenges both National
Aeronautics and Space Administration (NASA) managers and the review
committee, and the challenge is further compounded by the dynamic na-
ture of the present and future versions of the BR.

The committee’s comments for content improvement are divided into
two broad categories: overarching issues and specific issues. The overarching
issues involve (1) the time dimensions of risk, (2) the interactions among
risks, (3) the status of the countermeasure and technology readiness levels,
and (4) linking relationships between human factors and technology in the
BR. Attention to each of these overarching issues will strengthen the con-
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tent of the BR and provide a framework for thinking that will benefit NASA
strategists, managers, and operations personnel as they focus on risk reduc-
tion related to the ambitious objectives outlined in the President’s initiative
of January 2004 (White House, 2004). Specific areas in which additional
attention would be of great benefit include the following:

• Reclassification of behavioral health risks
• Psychological and physical impacts of space flight on performance,

including use of crew selection criteria (social, demographic, and preexist-
ing health status of astronauts, and their response to stress) to minimize
adverse responses, especially in the context of longer-term missions

• Radiation effects—establishing risk-specific radiation exposure
levels

• Assessing the sources and impact of long-duration space flight on
crew health and incremental risk

• Autonomous medical care and self-care

OVERARCHING ISSUES

Overarching issues are those factors that, in the committee’s view, de-
serve wide review and application throughout the current BR and in future
revisions of the BR. They should be viewed as guiding principles or strate-
gic approaches to the revision and management of the BR.

The Time Factor and Its Impact on Risk

Time is a factor that has the potential to increase risk significantly,
particularly in the context of long-duration space flight such as the 30-
month Mars mission outlined in the President’s initiative. Time has several
dimensions that must be considered in the definition and mitigation of
risk. Duration of the mission is one component. Clearly, the potential for
the development of a health problem, such as new disease or injury, in-
creases progressively from the 1-month lunar mission to the 12-month In-
ternational Space Station (ISS) mission, to the 30-month Mars mission.
Similarly, the consequences and countermeasures associated with disease or
injury will differ depending on the time of appearance of the human health
problem within the mission time frame (consider, for example, the discov-
ery of a breast mass that appears 2 months after launch on a planned 30-
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month Mars mission, versus one that occurs 2 weeks into a planned 30-day
lunar mission).

Another dimension of the time factor relates to distance from Earth
during the mission. Distance from Earth impacts the mitigation strategy
and selection of appropriate countermeasures because increasing distance
translates into increasing time delays for radio transmission to and from
ground control, thus requiring greater independence of the crew when han-
dling health-related (and other) emergencies. Further, more autonomous
health care will be required on long-duration, long-distance missions, where
aborting the mission or evacuating a crew member for medical care is not a
feasible option.

Another dimension of time involves the emergence of a predictable
health problem related to the immediate mission task(s). Neurovestibular
dysfunction, such as vertigo, might be an inconvenience during some parts
of a mission, whereas neurovestibular dysfunction during the docking ma-
neuver or a lunar or Mars landing could endanger mission success and crew
welfare.

Finally, to be included meaningfully in the mission planning process,
biomedical countermeasures and life support technologies must be vali-
dated well in advance of the final integrated mission plan, thus adding
temporal urgency to the time dimension.

The committee notes that some of these dimensions of time are partially
addressed by subdividing the risk analyses into the three Design Reference Mis-
sions in the BR, but concludes that time does not achieve the attention that is
required to fully address risk priorities, determine countermeasure readiness,
predict the maintainability of systems and equipment, and evaluate the impact
of exploration missions flight on crew health. All of these factors deserve addi-
tional visibility in the BR.

Recommendation 2.1
The committee recommends that risk assessment and mitiga-
tion (technology or countermeasure development) in the BR
be enhanced by labeling risks according to their relevance to
operational requirements and to temporal urgency.

Interactions Among Risks

The BR currently contains various cross-cutting categories of risk, and
an additional cross-cutting area is recommended later in this chapter. How-
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ever, the BR does not provide enough information on the interrelations
among and between these categories, risks, and their associated mitigation
strategies. Space flight necessarily involves a complex system of interdepen-
dent systems, and as a result of that interdependence, any change that af-
fects one system may also affect other systems, sometimes in ways that are
neither obvious nor anticipated.

The BR contains a list of “related risks” and “interactions” (NASA,
2005, Appendixes A and B, respectively), but without explanation of how
the risks were identified and assigned to specific categories. For example,
nutrition is identified as a related risk for Risk 23 (human performance
failure due to poor psychosocial adaptation) but not Risk 24 (human per-
formance failure due to neurobehavioral changes). The extensive research
literature supporting the role of nutritional factors in understanding the
mechanisms of depression and other mental disorders that fall within Risk
24 (e.g., Young et al., 1985; Wurtman and Wurtman, 1989) is not cited.
The BR provides no explanation that nutrition is related to poor psychoso-
cial adaptation because the quality of food—as opposed to its nutritional
content—is important in maintaining group morale under conditions of
prolonged isolation and confinement (Stuster, 1996; Johnson et al., 2003).

Risks and their mitigations interact in a variety of complicated and
sometimes subtle ways, and a comprehensive and continuous systems ap-
proach is required to anticipate their potential interactions and the impact
of risk mitigation in one area on risk in an entirely unrelated area. Ideally,
this systems approach should be applied at all levels, from the most minute
components to the overall system in its broadest context, in order to antici-
pate and identify interactions among and between risks and risk mitiga-
tions.

An example of unanticipated interactions among risks is well illus-
trated by the interaction between risk mitigation for water contamination
aboard the NASA orbiters and consequent thyroid dysfunction in crew
members. Iodine was used as the bacteriostatic agent in drinking water
aboard the U.S. orbiters—a seemingly reasonable approach to water purifi-
cation. However, the concentration of iodine resulted in a daily iodine in-
take that far exceeded the recommended daily allowance and was sufficient
to cause chemical evidence of thyroid dysfunction (e.g., increases in
thyroid-stimulating hormone) commonly and clinical hyper- or hypothy-
roidism in several astronauts (IOM, 2004). Similar chemical or clinical
abnormalities did not occur among those who flew on the Russian Mir
space station even for intervals up to six months, but silver nitrate was used
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for water purification aboard Mir . (The problem was solved subsequently
by installing an anion exchange resin filter at the water tap, but only after
several years of thyroid abnormalities among flight crews.)

Other potential interactions appear in the BR. For example, many of
the problems listed under Risk 25 (human performance failure due to
neurobehavioral problems) are the result of problems listed under Risk 24
(human performance failure due to poor psychosocial adaptation (NRC,
1998; IOM, 2001). The poor coping skills of one crew member may result
in reduced work productivity, leading to increased tension and conflict
within the crew and resulting in reduced sleep and increased symptoms of
depression, anxiety, and anger among all crew members (Palinkas, 1992,
2003). Whereas some of these potential interactions are identified in Appendix
B of the BR, that appendix is not referenced in the body of the text and the
current version of the BR does not adequately emphasize these interrelations
and their implications for countermeasure development, risk management, and
risk mitigation.

Recommendation 2.2
The committee recommends that greater effort be devoted to
identifying and explaining the interrelations among risks and
risk mitigations that are grouped within and across the cross-
cutting categories in the BR.

Status of Readiness Levels

In general, the probability of an adverse event can be reduced in two
ways: (1) by eliminating the risky procedure or activity or (2) through miti-
gation strategies and approaches that reduce the probability of adverse
events to acceptable levels. Because space flight, in particular the explora-
tion class missions, carries inherent risks, the BR emphasizes the latter ap-
proach through the development and application of countermeasures.

A variety of deliverable products result from the BR; they enable desir-
able outcomes or solutions to answer research and technology questions
and reduce risk to support the human system in space. Progress in these
areas is gauged by establishing “readiness levels” that delineate the level of
maturity of countermeasures or technologies (Countermeasure Readiness
Level [CRL] and Technology Readiness Level [TRL], Table 2-1). The pro-
cess emulates safety improvement programs (U.S. Department of Trans-
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TABLE 2-1 Countermeasure Readiness Level (CRL) and Technology
Readiness Level (TRL)

TRL CRL  TRL CRL
Definition DefinitionScore or CRL Category

Basic principles Phenomenon observed 1 Basic Research
observed. and reported. Problem

defined.

Technology concept Hypothesis formed, 2 Research to Prove
and/or application preliminary studies to Feasibility
formulated. define parameters.

Demonstrate feasibility.

Analytical and Validated hypothesis. 3
experimental critical Understanding of
function/proof-of- scientific processes
concept. underlying problem.

Component and/or Formulation of 4 Countermeasure
breadboard validation countermeasures concept Development
in lab. based on understanding

of phenomenon.

Component and/or Proof of concept testing 5
breadboard in relevant and initial demonstration
environment. of feasibility and efficacy.

System/subsystem Laboratory/clinical 6
model or prototype testing of potential
demonstration in countermeasure in
relevant environment. subjects to demonstrate

efficacy of concept.

Subsystem prototype Evaluation with human 7 Countermeasure
in a space environment. subjects in controlled Demonstration

laboratory simulating
operational space flight
environment.

System completed Validation with human 8 Countermeasure
and flight qualified subjects in actual Operations
through demonstration. operational space flight

to demonstrate efficacy
and operational feasibility.

System flight proven Countermeasure fully 9
through mission flight-tested and ready
operations. for implementation.

SOURCE: NASA (2005, Table 5-5).
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portation, 2002), beginning with a problem definition and concluding with
a defined operational improvement or countermeasure.

Currently, the BR proposes 183 projected deliverables. In the context
of the BR, these deliverables constitute the risk mitigation plan for the
human system. A more detailed description and estimation of readiness of
each deliverable is provided in Appendix C of this report. The BR empha-
sizes, “Roadmap activities must focus on operational issues and solutions to
operational problems to support an outcome-oriented approach.” Thus,
“bioastronautics research is focusing on deliverables at a readiness level of 4
or greater” (NASA, 2005, p. 17). The committee concludes that this emphasis
on an applied research agenda for NASA bioastronautics is not without signifi-
cant consequences and risks, especially given the relatively immature status of
current countermeasure development (see Figure 2-1).

FIGURE 2-1 Countermeasure and Technology Readiness Levels.
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Figure 2-1 summarizes the committee’s analysis of the BR’s proposed
deliverables. An analysis of the forward work required to complete the BR
risk mitigation plan reveals that 50 (27%) of the 183 proposed counter-
measures and technology modifications are not yet defined. Of those that
were defined, 71 (53%) are at the basic research stage of development (CRL
or TRL levels 1–3), 56 (42%) are in the ground testing stage of develop-
ment (CRL or TRL levels 4–6), and 6 (5%) have reached some stage of
flight evaluation (CRL or TRL levels 7–9). Thus, more than half of the de-
fined deliverables proposed in the BR rank below the stage 4 level of readiness
and, thus, below the threshold for priority in bioastronautics research consider-
ation. Included in these unranked or low-readiness areas are substantial
portions of the mitigation plans on behavioral health and performance,
radiation, autonomous health care, and water quality monitoring, areas
that the committee finds deserving of further attention from NASA (IOM,
2005). To summarize, the state of countermeasure development signifi-
cantly lags the need.

The committee finds that the majority of projected BR countermeasures,
mitigations, or other deliverables are in a nascent state of readiness and are
therefore unlikely to receive high-priority attention. Resources (described in
Chapter 4) are unlikely to be sufficient to complete the BR mitigation plan in a
time frame that enables the exploration class missions envisioned by NASA.

Establishing priorities for in-flight studies will be a significant chal-
lenge. Since NASA must address both near-term (e.g., the proposed lunar
mission) and long-term (e.g., the Mars mission) objectives, the priorities
for access to investigations aboard the ISS will require considerable wisdom
to ensure that urgency is not confused with importance. Thus, some appar-
ently “lower-priority” investigations may need to be manifested on the ISS
earlier than others that might appear to be of higher priority. For example,
studies regarding bone loss may have to take priority on the few remaining
ISS flights in order to generate adequate in-flight data to support the Mars
mission because countermeasures to bone loss will clearly be essential on a
30-month mission, even though that mission may be many years hence.

With the increasing likelihood that crew time, up-mass, and manning
will continue to be problematic aboard the ISS, it will become increasingly
important for surrogates of some sort to be used or developed to help assess
the medical, nutritional, environmental, and behavioral issues that may
confront astronauts who are in conditions of high stress in tight quarters
for an extended period of time. The committee believes that analog envi-
ronments and digital simulation will play an increasingly important role in
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the evaluation and mitigation of risks to the human in space and that the
BR should reflect the importance of such analog approaches.

Clearly, analog environments can be created on Earth that could du-
plicate many of these conditions and thus could be used both as a test of
hardware and to assess the quality of instruments used to create a selection
process for crews. The value of such true analogs has already been demon-
strated in bringing to light the medical problems associated with iodina-
tion of drinking water and the adverse effect that high iodine levels can
have on crew members’ thyroid function because this problem was dem-
onstrated in ground-based simulations of space flight (IOM, 2004). Thus,
specifically created mission analogs are useful to test not only behavioral
issues but many of the medical issues that will face the crew as well. Practi-
cality, however, would dictate that rather than “starting from scratch,” the
large amount of information that already exists from analog environments
such as saturation diving, polar expeditions, bed rest, centrifuge, mock
Crew Exploration Vehicle (CEV) expeditions, and submarines be used
appropriately.

Submarines are but one example among the many analog environ-
ments that could be used both prospectively and retrospectively to help
address some of the issues that may confront astronauts. From the 1960s
to the mid-1980s, medical officers were assigned to submarines, and these
physicians were required to write a research thesis on a relevant research
topic. This resulted in a large number of unpublished but peer-reviewed
theses, which can be obtained from the Naval Undersea Medical Institute
(NUMI) and the Naval Submarine Medical Research Laboratory
(NSMRL). A significant percentage of these reports addressed behavioral,
environmental, and medical issues that were encountered on these deter-
rent patrols; therefore, they may be a useful resource for retrospective
information.

Continuing the example in a prospective fashion, many parallels can
be drawn between the “wardroom” of a nuclear submarine and a crew of
astronauts on a long mission. Typically, wardroom officers on board a
nuclear submarine are college graduates with highly technical educations,
including postgraduate education. They are all highly motivated and com-
mitted to their jobs, and they live in confined environments for extended
intervals. Thus, in several respects they are similar to flight crews, and they
might be useful surrogates to examine the efficacy of various assessment
instruments (e.g., for crew interaction, cohesiveness, and leadership). There
are limitations, however, to the value of analog environments, based on the
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extent to which they reproduce the crew environment in the ISS or the
proposed CEV. For example, the U.S. submarine service does not include
women crew, nor does it usually include international crew as integral mem-
bers of the wardroom team. U.S. experience might be supplemented by
experience from other countries such as Norway and Denmark, whose sub-
marines include women crew members, but this raises cultural differences
as well.

Numerous other highly appropriate analog environments could be
used. For example, the data from experimental saturation diving facilities
could provide opportunities that mimic extravehicular activities, as well as
crew quarters and environments; polar expeditions could provide informa-
tion about long-term isolation; and prolonged bed rest can mimic at least
several aspects of the musculoskeletal changes associated with microgravity.
None by themselves is ideal, but collectively these and related approaches,
supplemented by digital simulation approaches, can provide important sup-
portive data in an era of restricted opportunities for in-flight clinical inves-
tigation.

Recommendation 2.3
The committee recommends that NASA initiate an aggressive
program, including the use of animal models, analog environ-
ments, and space flight, to significantly accelerate the progress
of all Countermeasure Readiness Levels and Technology Readi-
ness Levels that are essential to support the proposed explora-
tion agenda. Countermeasures and technologies at an unde-
fined or low state of readiness (the majority of the current
portfolio) should receive renewed attention. The committee
notes further that failure to do so will jeopardize the explora-
tion program outlined in the President’s vision for exploration
of January 2004.

FUSING THE RELATIONSHIPS BETWEEN HUMAN FACTORS
AND TECHNOLOGY IN THE BR

The interrelationships and interactions between technology and hu-
man health and performance are evident in all aspects of daily life, but
these take on new dimensions and importance as NASA moves to more
ambitious exploration agendas, especially longer-term missions. Spacecrafts
have evolved considerably to accommodate these needs; consider the evolu-
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tion of internal volume and crew accommodations in the sequence of space-
craft from Gemini to Apollo to Orbiter to the ISS, for example, as longer-
duration missions were planned. However, the consequences of human-
technology interactions become more profound as mission duration and
the expectations for crew task performance increase. (New space suits that
permit crew to assemble fragile, possibly gossamer-like, components of ra-
dio telescopes or other devices while working in deeper space are an ex-
ample; crew quarters for a 30-month mission are another, but innumerable
examples could be cited in the current and future versions of the BR.) The
committee concludes that increased linkages in certain areas, specifically Hu-
man Systems Integration and Food and Nutrition, can be accomplished by
modifying content in the BR. Each one of these areas is addressed in the
following sections.

Creating the Cross-Cutting Category “Human Systems Integration”

The BR lists six risks that correspond to human factors and behavior
and performance. Four of these risks (23, 24, 25, and 26) fall within the
cross-cutting category “Behavioral Health and Performance,” and two of
the risks (44 and 45) fall within the cross-cutting category “Advanced Life
Support.” These classifications reflect two separate perspectives, one based
in the social, behavioral, and clinical sciences and one based on engineering
and technology. However, both perspectives are critical to understanding
human behavior and performance in space. These perspectives are also
united by their treatment of the human both as a system of systems (e.g.,
bone, muscle, cardiovascular, respiratory, and neuropsychological) and as a
component of a larger system of systems (e.g., advanced life support). Keep-
ing these six risks in two separate cross-cutting areas may create certain
limitations to understanding the linkages among these risks and, thus, may
impair understanding of the interactions among risks and risk mitigation
strategies.

As evidence of the linkage among risks that currently fall within two
separate cross-cutting categories, both Risk 24 (human performance failure
due to poor psychosocial adaptation) and Risk 45 (poorly integrated
ground, crew, and automation functions) address ground–crew interactions.
In Risk 24, the risks are framed in psychological terms such as displace-
ment of hostility (Kanas et al., 2000), whereas in Risk 45 they are framed
in technological terms (Caldwell, 2000, 2005). Although the two risks em-
phasize different causes of dysfunctional ground–crew relations, the causes
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are in fact interconnected to a greater extent than is reflected in the current
separate classifications, and mitigation of these risks will likely require a
combination of both engineering and psychological solutions. For example,
poor engineering of information transmission routines within mission con-
trol, and between the crew and mission control, may impede ground–crew
communication and decision making, resulting in increased ground–crew
tension, increased hostility, and reduced cooperation in task completion
(Kanas et al., 2000, 2001a,b). The committee noted that dysfunctional
ground–crew communications have impacted previous missions, including
quite publicly the ground–crew tension that was evident during Skylab 3
(Zimmerman, 2003, pp. 73–80).

The link between humans and engineering is essential for enhancing
mission success and crew performance. For example, Callaghan et al. (1992)
observed that the development of methods was as important as the devel-
opment of standards. Similarly, Whitmore et al. (1999) indicated that the
first research priority for the ISS should be in-flight research tools to under-
stand habitability. The second priority was to identify human factors criti-
cal to habitability and determine how these could be tested in microgravity
and analog environments. Adams (1999) also emphasized the need for hab-
itability studies. Other researchers have highlighted the importance of hu-
man systems integration. Peacock et al. (2001), for example, identified the
following technology issues for manned space missions: (1) limitations to
astronaut mobility and force output while wearing extravehicular activity
(EVA) clothing, (2) need for physical restraints and mobility aids in
microgravity, and (3) maintaining spatial orientation. The need for en-
hanced human–robot interactions was identified by Gross et al. (2002),
and Hartman (2003) identified the human systems interaction consider-
ations associated with the martian weather, which includes temperature
extremes (–87°C to –25°C) and windstorms that will cause dust to lodge in
seams and crevices and reduce visibility to less than 1 meter at times, all in
an atmosphere that is almost pure CO2, with a barometric pressure that is 1
percent that of Earth’s surface (about equivalent to the pressure at 110,000
feet above Earth).

The committee concluded that human factors are a high priority in
space engineering design, especially in an era of planetary exploration. Link-
ing human factors with engineering perspectives in the BR is essential for
the development of countermeasures. For example, the extent of muscu-
loskeletal weakness upon arrival in a gravitational environment after long-
duration space flight will depend considerably on the engineering and tech-
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nology (e.g., artificial gravity, exercise equipment) that are incorporated in
the CEV. Similar arguments apply to the control of radiation exposure and
the identification of coping skills and other preventive measures to address
the human factors associated with prolonged space flight.

Recommendation 2.4
The committee recommends that NASA create a cross-cutting
category that spans the two existing categories of “Behavioral
Health and Performance” and “Space Human Factors Engi-
neering” risks listed currently in the area of the “Advanced
Human Support Technologies.” This new category should be
labeled “Human Systems Integration,” consistent with the ter-
minology currently in use by the U.S. Department of Defense
(2004) and the Human Systems Integration section in NASA
Headquarters. Further, the committee implies by this recom-
mendation that NASA consider placing other risks in this cat-
egory over time, to facilitate collaborative effort by clinical
and engineering scientists in defining, measuring, and miti-
gating each of the Human Systems Integration risks.

Creating the Cross-Cutting Area “Food and Nutrition”

Maintaining the crew’s overall health will be essential for the success of
exploration missions, and food safety, food quality, and nutrition will play
a major role in achieving overall health. Extensive reviews of the impact of
nutrition on space travelers have been conducted (Stein, 2001; Lane and
Feeback, 2002). The composition, safety, quality, and quantity of food and
water may all impact the physical and mental health of the crew during
space missions, particularly when such missions are long term.

Establishing the optimal nutrient requirements for the crew in space is
critical not only for the maintenance of the crew’s health during flight—the
most immediate concern of the BR—but also for the health of astronauts
after they return to Earth. However, there are very few data on the nutrient
requirements of human subjects in extraterrestrial environments, and the
problems posed by this scarcity of data are compounded by the small sample
size from which existing data on the role of nutrition in maintaining hu-
man health in space are drawn. Thus, weight management and plasma
levels of lipids, vitamins and minerals, salts, protein, and carbohydrate may
be impacted by nutritional intake, in conjunction with the amount of physi-
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cal activity undertaken by the crew and by space flight itself. Smith and
Heer (2002) pointed to the need to ensure adequate dietary intake (and
synthesis, when applicable) of various nutrients involved in bone and cal-
cium homeostasis, including calcium, vitamins D and K, protein, sodium,
and phosphorus. Similarly, homeostasis of red and white blood cells, as well
as vascular integrity, bone mass, and osmolality, may be altered by the qual-
ity of nutrition (Smith et al., 2005), whereas crew morale can be affected by
the appearance and quality of food (Kerwin and Seddon, 2002). In addi-
tion, adequate quantity and quality of water must be ensured.

Despite the efforts by NASA’s nutrition and food scientists, there is
evidence that astronauts have had energy intakes 30 percent to 40 percent
lower than their needs during space missions (Smith and Lane, 1999), not
because of faulty planning in terms of nutrient intake or unbalanced menus,
but because of such factors as time constraints (e.g., time for meal prepara-
tion and consumption), work overload, and lack of appetite. Moreover, it is
well established that astronauts’ energy expenditures in space are unchanged
or even increased from those on Earth (Lane et al., 1997; Stein et al., 1999).

According to Smith et al. (2005), several changes in nutritional status
after space flight have been observed. In addition to insufficient energy
intake, vitamin D levels were altered after long-duration missions (4 to 6
months), even when the vitamin was taken as a supplement during flight.
Further, there was evidence that the metabolism of this vitamin may have
been affected by the long-term stay of cosmonauts in the Mir station. Al-
tered vitamin D status, in turn, was associated with increased bone resorp-
tion after landing. The same authors reported severe decreases of up to 45
percent for magnesium and phosphorus concentrations. The former may
be of concern in long-term missions because of the role of magnesium in
preventing formation of renal stones (Su et al., 1991).

Other vitamin levels are also affected by prolonged human exposure to
the space environment. The level of vitamin K, an important element in
maintaining bone health, was reported to decrease during space flight, and
levels of vitamin E and folate may have decreased also (Smith et al., 2005).
According to Smith et al., it is not known whether the observed decrease in
folate—attributed to inadequate food intake, not to food processing tech-
niques—would be accentuated during prolonged space missions. A review
by Lucock (2000) suggests that the role of this B vitamin in maintaining
good health may extend beyond prenatal conditioning and a positive influ-
ence on cardiovascular disease, to encompass several types of cancer, de-
mentia, and affective disorders.
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Decreased red blood cell (RBC) mass after short- and long-term space
missions—at a rate of more than 1 percent per day, eventually reaching as
high as 10 percent to 15 percent after 2 weeks of flight—is another concern
reported and discussed by Smith (2002). He indicated that data from the
Spacelab Life Sciences Shuttle missions showed that the release of new
RBCs is decreased by weightlessness and that newly released RBCs, larger
than the more mature circulating cells, are then selectively removed from
the circulation. Such decreases in RBC mass were accompanied by decreases
in body fluid volume, and both effects were attributed to the body’s appar-
ent sense of decreased blood volume requirement. As a result, anemia has
been observed during many space missions. Destroyed RBCs, in turn, re-
lease iron, which is then stored, as evidenced by increased levels of sodium
ferritin (Alfrey et al., 2000). Although indices of iron metabolism and eryth-
ropoiesis returned to normal within days of landing, increased levels of
stored iron and its availability in tissue would suggest a need to reduce iron
intake during long-duration missions, given that the long-term effects of
this condition are unknown (Smith, 2002).

Muscle loss early in flight has been reported to occur as a result of
reduced protein synthesis by inactive muscle (Ferrando et al., 1996) and to
continue at a slower rate throughout space missions. As a result, astronauts
returning from missions as short as 1 or 2 weeks have exhibited lack of
coordination, weakness, and fatigue (Edgerton and Roy, 1994; Riley et al.,
1995). These conditions, described by Adams et al. (2003) and reviewed by
Baldwin et al. (2003), may adversely influence performance on extended
missions.

In addition to nutritional intake, the space environment itself may
have marked effects on the nutritional status of astronauts; the above-
mentioned hematological changes during space flight are but one example.
Another is the adverse effect of increased radiation in space, which may
accelerate the degradation or oxidation of food components and alter the
potential mitigation of these effects through the protective action of anti-
oxidants (including various vitamins). Antioxidants could be added to food
to protect both the foods and their intended consumers (Lane and Schoeller,
1999). As stated in a short, on-line version of these authors’ work, “As long
as space travelers can take food from earth with them, it may be possible to
design diets that are capable of reducing these problems and other prob-
lems. However, as voyages become longer and longer, and the crews be-
come more dependent on food that they will grow and process during their
flight, this becomes more of a problem. It is already apparent that as the

Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html


40 A RISK REDUCTION STRATEGY FOR HUMAN EXPLORATION OF SPACE

diet of astronauts becomes more vegetarian, plant sources rich in calcium
and high in antioxidants with a high energy content will be most desirable”
(Lane and Schoeller, 2005).

Finally, issues of palatability, variety, cultural preferences and expecta-
tions, and the social interactions and connotations of mealtime must be
considered. Although food science and nutrition are two separate disci-
plines, their interrelation is so important that many universities across the
nation and elsewhere—recognizing the need to more closely integrate these
disciplines—have merged their food science and nutrition departments in
recent years.

In view of the many facets of potential physiological and psychological im-
pacts of nutrition on the crew during prolonged space missions, and the result-
ing effects on crew performance and physical and mental health during and
after space missions, particularly long-term missions, the committee concurs
that nutrition is a cross-cutting theme and should continue to be reflected as
such in the BR. However, the committee emphasizes that nutrition alone does
not encompass all of the concerns related to diet and believes that the title should
be expanded to encompass the technology aspects of food safety and quality (Risk
38) and the clinical aspects of human nutrition (Risk 16) to further link the
technology with the human factors, as recognized in universities around the
world.

Recommendation 2.5
The committee recommends that the cross-cutting area “Nu-
trition” be renamed and expanded to “Food and Nutrition” to
more fully encompass the concepts of dietary needs for space
flight and emphasize the relationships between nutrition and
food technology. Further, the committee recommends that the
impact of inadequate food and nutrition on processes related
to mental and physical health risks and maintenance of the
space environment and life support systems be defined from
the standpoints of food safety, quality, and quantity, and in-
terventions proposed if problems occur.

SPECIFIC ISSUES

Specific issues are those areas that deserve focused attention and refine-
ment in the BR in order to more effectively accomplish its goals as a man-
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agement tool. They should be viewed as tactics for the BR, whereas the
overall issues should be viewed as strategies.

Reclassification of Behavioral Health Risks

The existing cross-cutting category “Behavioral Health and Perfor-
mance” in the BR includes four categories of risk: human performance
failure due to poor psychosocial adaptation (Risk 24), human performance
failure due to neurobehavioral problems (Risk 25), mismatch between crew
cognitive capabilities and task demands (Risk 26), and human performance
failure due to sleep loss and circadian rhythm problems (Risk 27). Unfortu-
nately, there is considerable overlap in these categories. Both Risks 25 and
26 make reference to cognitive problems. Risks 24 and 25 both include
mood disorders. Further, human performance failure due to poor psycho-
social adaptation (Risk 24) belies the fact that there are three separate deter-
minants or moderators of poor psychosocial adaptation under conditions
of prolonged isolation and confinement (Palinkas, 2001). These include
intrapersonal factors such as personality styles and strategies for coping
with stress; interpersonal factors such as group cooperation and conflict;
and organizational factors such as the cultural systems of the participating
national space agencies and contractors, the values they embody, and their
influence on health and behavior.

The countermeasures to address these problems are not well defined in
the BR. Thus, reference is made to the use of screening and selection as a
potential countermeasure to each of the four risks identified in behavioral
health and performance. However, the BR does not acknowledge that there
are at least two potential strategies for screening and selection. Screening
and selection of astronaut personnel in the U.S. space program has tradi-
tionally been based on a “select-out” philosophy that excludes those with
any diagnosable psychiatric disorder or high likelihood of developing such
a disorder (Santy, 1994). Although this approach has generally been suc-
cessful in minimizing decrements in behavior and performance during
short-duration missions (1 to 14 days), the advent of longer-duration mis-
sions, ranging from earlier 3-month assignments aboard the Mir Space Sta-
tion to the proposed 3-year mission to Mars, has generated greater interest
in an approach that is based on a “select-in” philosophy. Such an approach
would seek to identify candidates whose personality traits enhance their
ability to function at high levels (both physically and mentally) while expe-
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riencing chronic stress and to interact productively as a member of a crew
(Santy, 1994).

Another option would be to expand the range of mental disorders that
are considered as part of the select-out criteria. People with personality
disorders often make their own interpersonal problems worse because they
are rigid, inflexible, and unable to adapt to the social challenges they face
(Chen et al., 2004; Pagano et al., 2004), and they create problems for those
around them as well. Some personality disorders, including narcissism
(Morf and Rhodewalt, 2001), would be expected to disrupt group cohe-
sion and interfere with interpersonal relations involving other members of
the space crew as well as Earth-based support personnel.

The committee concludes that empirical evaluation of current (and
proposed) select-in and select-out procedures must be conducted among
members of the astronaut corps during all phases of training and mission
preparation. At present, the BR offers no guidelines for improving select-
out procedures to reduce the likelihood of human performance failure due
to poor psychosocial adaptation, neurobehavioral changes, cognitive over-
load, or disruption of sleep and circadian rhythms. Additional screening
criteria that might benefit from further research include history of family
disorders, childhood experiences of abuse or trauma, and stress reactivity.

Two other approaches for screening should also be given further con-
sideration in crew selection. One involves the method of selection of spe-
cific crew members from among the pool of eligible astronauts. At present,
these decisions appear to be made with little consideration of an external
professional evaluation of crew compatibility.

Recommendation 2.6
The committee recommends that the Astronaut Office and rep-
resentative flight surgeons be consulted regarding the crew se-
lection process in order to place greater emphasis on the roles
of crew compatibility and team performance in overall mis-
sion success.

The second approach involves the use of analog environments and
behavioral challenges to evaluate individual and team performance. After
selection of a specific set of crew members and during their training for a
mission, the crew should be assessed while it responds to carefully designed
stressful experiences that would mimic events that could occur during a
flight. These experiences might provide an opportunity to observe ways in

Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html


CONSIDERATIONS REGARDING THE BR CONTENT 43

which crew members respond, and these patterns might actually predict
future performance more accurately than other kinds of assessment proce-
dures. The committee recognizes that some of these concepts may be in-
cluded in some of the research and technology questions in the BR, but
they are not prominent and thus are pointed out here to emphasize that
they should be part of the behavioral health planning process.

Similarly, the BR provides only modest guidance regarding incorpora-
tion of evidence-based interventions or countermeasures for mental disor-
ders that might be experienced in space. There is evidence to support
cognitive–behavioral treatments for depression or anxiety disorders in other
populations (DeRubeis et al., 1999; Roy-Byrne et al., 2005), but their ef-
fectiveness in space flight or flight simulation is unknown. For example,
brief forms of cognitive and interpersonal therapy have been demonstrated
to be effective in the treatment of depression (Hollon et al., 2002; DeRubeis
et al., 2005; Otto et al., 2005), but it is not clear that these interventions
would be effective in a mode that did not allow for face-to-face discussions,
or in which significant communication delays would impose extended
pause times in the conversation. Careful evaluation of these procedures
should be conducted using analog environments.

The committee concluded that the BR does not provide clear guidance
for the research necessary to develop effective countermeasures for behav-
ioral health risks of extended flight. In part, this is the result of a process
that has “lumped” together certain distinct risks into the same category
and, in part, due to “splitting” the same phenomena (e.g., mood disorders
and cognitive performance) into more than one risk category without ex-
plication of their interrelationships. This has tended to both trivialize the
risks and complicate efforts to develop effective countermeasures.

Recommendation 2.7
The committee recommends that behavioral health risks
within the proposed new cross-cutting category of Human Sys-
tems Integration be grouped into categories based on clinical
outcomes such as interpersonal conflict, affect regulation, dec-
rements in cognitive performance, mood disorders, and sleep
disorders, rather than categories such as psychosocial,
neurobehavioral, cognitive, and circadian rhythms, and that
the interrelations between these categories be delineated
clearly.
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The committee suggests convening a workshop of investigators, flight
operations medical personnel, and expert clinicians who have experience in
behavioral interventions for the management of mental disorders that de-
velop during times of prolonged stress. The purpose would be to estimate
the likelihood of such disorders developing during a 30-month extended
mission, to identify the personality characteristics associated with a low risk
for the development of such disorders, and to recommend evidence-based
behavioral interventions to minimize the severity of the disorders if they do
develop.

Finally, the committee notes that the BR contains no references to
human sexuality, and this oversight should be corrected. Whereas the com-
mittee recognizes the task-oriented nature of both the crew and the mis-
sion, it concludes that ignoring the potential consequences of human sexu-
ality is not appropriate when considering extended-duration missions. Areas
of concern for the 30-month Mars mission include the potential psycho-
logical and physiological consequences of sexual activity, consequences that
could endanger life, crew cohesion, performance, and mission success. Some
risks can be eliminated but others cannot. For instance, the risk of preg-
nancy might be mitigated by crew selection. However, the long lead time to
answer questions about the efficacy, safety, and side effects of contraceptive
medications may require that studies to answer these questions be com-
pleted prior to crew selection or that other measures be used to mitigate the
risk of pregnancy.

Recommendation 2.8
The committee recommends that issues of human sexuality be
addressed in the BR in relation to long-duration missions such
as the proposed Mars Design Reference Mission.

Psychological and Physical Impacts of Space Flight on Performance

To more fully address human behavior and performance issues during
long-duration space flight, NASA must address a number of significant
psychological and biological factors that will influence the ability of astro-
nauts and crews to perform effectively. Effective performance includes the
maintenance of individual high-level cognitive, communication, and physi-
cal skills and the maintenance of overall crew skills and teamwork. The
latter require effective interactions with Earth-based support and recovery
systems, as well as harmonious, flexible, and effective group relations among
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crew members over long periods of time and in an environment that may
be associated with a variety of stresses.

Several of the risks associated with space flight involve human responses
to stress. Stress-related performance decrements in extended space flight
have been documented. Sauer et al. (1997) reviewed the evidence and pos-
tulated that sustained stress will result in a decrease in motivation and in-
creased risk of errors. They stated that Soviet scientists reported decreased
information processing speed within the first nine days of a space flight,
especially for first-time crew members. Isolation studies conducted in the
former Soviet Union using spacecraft simulators indicated that performance
decrements included increased decision time, increased errors of commis-
sion, and decreased attention span. Cognitive effects associated with fa-
tigue were also noted in hyperbaric chamber isolation studies. In actual
extended space flights, fatigue increased over time, with associated increases
in errors.

The physiological response to stress includes increased concentration
of stress hormones (e.g., catecholamines, cortisol), and these alterations
may affect a number of the risks identified in the BR (including Risks 5, 6,
8, 9, 10, 24, 25, 26, 27, and 28). Examples of altered human health associ-
ated with stress responses include cardiac dysrhythmias (Mackstaller and
Alpert, 1997), enhanced bacterial growth (Klaus, 2002; Lyte, 2004), al-
tered immune function with increased risk of infection (Rabin, 1999; Miller
et al., 2004), exacerbation of allergies (Wright et al., 2005), and emergence
or exacerbation of autoimmune disease (Ackerman et al., 2002). Further,
stress hormone increases are associated with altered central nervous system
function (Zarkovic et al., 2003; Brown et al., 2004), sleep disturbances,
and altered circadian rhythms (Maschke and Hecht, 2004). Therefore, in-
fectious disease, autoimmune disease, atherosclerotic heart disease, hyper-
tension, and the mental conditions of depression and possibly accelerated
loss of cognition may be influenced by the hormonal response to stress
presented by an extended-duration space mission (McEwen et al., 1999).
Although not all of these relationships have specifically been demonstrated
during space flight, the prudent approach would be to assume that these
relationships persist in space, at least until such time as this assumption is
disproved (an unlikely possibility, given the limited opportunity mentioned
earlier to collect significant data during flight).

Whereas many of these concerns are suggested in the BR, their specific
links to stress hormones—and the implications thereof—are not empha-
sized, and neither are the implications for crew selection. The likelihood of
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maintaining mental and physical health during periods of prolonged space
flight may be enhanced if crew members (1) have low responses to stress
(low stressor-induced elevation of cortisol and catecholamines) and (2) are
trained in coping skills that minimize the stressor-induced increase of these
hormones. This would involve selecting astronauts who are low stress re-
sponders and who have good stress coping skills.

Another source of concern in long-duration space flights is the possi-
bility that crew members might experience major mood swings related to
either depression or mania at various times during the flight. For example,
the etiology of clinical depression is undergoing reevaluation based on new
studies indicating that increased levels of glucocorticoids can damage neu-
rons that are important to the genesis of depression (Sapolsky, 2004).

Based on this and related evidence in the stress–response literature, the
committee concluded that stress–response analyses should be included among
selection criteria. Selection criteria that might be considered by NASA in-
clude low stress responsiveness determined by Stroop test measurements of
blood pressure and heart rate (Probst et al., 1997; Seibt et al., 1998;
McCaffery et al., 2003) and performance on psychological tests and per-
sonality questionnaires that have been demonstrated to be related to the
ability to interact, communicate, and work effectively with others in a
closed environment for extended intervals.

Radiation Effects:
Establishing Risk-Specific Radiation Exposure Levels

Exposure to ionizing radiation from the solar wind, solar particle events
(SPEs), galactic cosmic rays (GCRs) and other sources is a major concern
for space flight beyond low Earth orbit (LEO). Complex deoxyribonucleic
acid (DNA) damage from radiation may result in cell death, causing acute
symptoms if enough cells in a tissue are affected. Also, DNA damage repair
mechanisms (e.g., nonhomologous end joining) for complex damage are
not error free, and repair errors can result in cellular mutations that con-
tribute to eventual carcinogenesis. Whole-body radiation at doses high
enough to cause serious acute effects has been associated with substantial—
and probably unacceptable—increases in lifetime cancer risk in terrestrial
populations (Hall, 2000). Therefore, radiation protection measures aimed
at minimizing radiation-related cancer risk are also likely to protect against
severe acute effects. A possible exception to this general observation is that
central nervous system (CNS) tissue may be more vulnerable than other
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tissues, and CNS impairment may occur following exposure to high-mass,
high-Z, high-energy (HZE) radiation from GCRs at low doses and low
dose rates.

It is now well established that the radiation dose (mainly due to gamma
rays) from the atomic bombings of Hiroshima and Nagasaki is also associ-
ated with increased risk for nonmalignant disease, particularly heart dis-
ease, stroke, respiratory disease, and digestive disease, and that the impact
in terms of mortality may be roughly comparable to that seen for solid
cancers (Preston et al., 2003). Radiation-induced cataracts are another es-
tablished late health effect. Thus, any assessment of radiation-related health
effects should include both malignant and nonmalignant disease.

The International Commission on Radiological Protection (ICRP) sys-
tem of differential weighting of doses by radiation quality and by tissue—
depending on susceptibility to radiation-related disease and the severity of
such disease in terms of mortality and morbidity—may be a useful model
for construction of a common metric for radiological risk (ICRP, 1991).
(See also the successor document to ICRP 60, now in preparation; sup-
porting documents and the report will be made available for public review
on www.icrp.org prior to finalization.) However, the radiation environment
of space travel beyond LEO is more complex, and less well understood,
than the mostly low-dose radiation encountered by radiation workers and
the general public that is the main concern of the broader radiation protec-
tion community. Also, individual tolerance for late health effect risks may
be greater among the astronaut community than among the general popu-
lation, although possibly not greater than that of some radiation workers.
The NASA adaptation of the ICRP weighting scheme should be tailored to
its unique exposure scenarios and should take more account of uncertain-
ties in radiation dose and associated risks (i.e., it should address  in a proba-
bilistic way the question, How high could such risks plausibly be?).

Continuing experimental studies of biological effects from exposure
to the radiation from GCRs—including experimental carcinogenesis—
should refine our understanding of the relative biological effectiveness of
such radiation compared to gamma and X-rays, so that the extensive dose–
response information for these sparsely ionizing types of radiation can be
adapted for application to risks associated with GCR exposure. As demon-
strated by Cucinotta et al. (2001), it is possible to make meaningful infer-
ences about cancer risk associated with exposure to GCRs based on expert
judgment, with quantified subjective uncertainty estimates about the rela-
tive biological effectiveness of HZE radiation. Such inferences can and
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should be refined in the light of new research findings after these
findings have been reviewed and evaluated by the wider radiation research
community.

The amount of radiation exposure will have potential impact on the
crew’s health through increased risk of malignancy; altered hematopoieses
due to bone marrow suppression; increased susceptibility to infection me-
diated by immune system suppression and possible mutation of microor-
ganisms allowing them to escape from regulation by the innate host defense
system; and unknown effects in tissue, such as CNS effects due to tissue
damage and subsequent inflammatory response. Radiation therapy for pa-
tients with malignancy often has fatigue as a side effect (Jacobsen and Thors,
2003). Whether radiation exposure may pose a similar problem on long-
term missions should be evaluated. Radiation risks differ considerably be-
tween a 12-month mission in LEO aboard the ISS and a 30-month mis-
sion to Mars because the latter will be exposed to significantly greater
galactic cosmic radiation, for example.

Although the major technology issue is protecting astronauts from
health risks associated with exposure to radiation, there are potential per-
formance decrements associated with radiation exposure at lower levels than
those that affect health. Astronauts traveling beyond LEO—particularly on
lengthy missions—will have a high probability of exposure to GCRs, which
are more numerous and energetic near the solar minimum, and to SPEs,
which occur more frequently near the solar maximum. The effects of such
exposures, especially those to GCRs, are not known, but some of these
effects can be estimated with substantial (and quantifiable) uncertainty on
the basis of present knowledge. As new experimental and theoretical infor-
mation is accumulated, this uncertainty should decrease. According to Wil-
son et al. (2002), some protection against these effects may be afforded by
either lunar or martian surfaces.

Adverse radiation effects on pharmacological preparations and food
nutrients may also occur during missions. Some drugs are stable in a high-
radiation environment, whereas others will not tolerate even moderate ex-
posure to sunlight on Earth. Those currently deemed radiation-stable have
not been studied in the unique HZE radiation environment characteristic
of long-duration missions beyond LEO.

The committee concludes that radiation effects are given ample weight in
the BR, and its suggestions are intended to draw NASA’s attention to ways in
which the BR might be refined, and perhaps simplified, when considering ra-
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diation risks and risk mitigation. Further, the committee concurs with NASA’s
assessment that the duration of the mission and the distance from Earth will
determine the amount and type of radiation exposure and the required shield-
ing for both the vehicle itself and the protective wear for EVA, with the associ-
ated weight and design implications. However, the conventional rule of thumb
for terrestrial radiation protection (i.e., that protection against late radiation
effects such as increased cancer risk will also protect against acute radiation
effects) may not hold for HZE from GCRs, particularly with regard to CNS
impairment. Therefore, the committee also concludes that NASA must conduct
further research to clarify the extent to which protracted or low-dose HZE ra-
diation exposure might contribute to mission-damaging CNS effects.

Recommendation 2.9
The committee recommends that a safe radiation exposure
level be established by NASA for each relevant risk, based on
projected flight duration and distance from Earth, and that
the technology to keep the level of exposure below that limit
be ensured. Inherent in this recommendation, and consistent with
Recommendation 2.3, the committee concludes that NASA must
conduct further research to clarify the extent to which protracted
or low-dose HZE radiation exposure might contribute to mission-
damaging CNS effects.

As with the other components of the BR, it will be essential to follow
the developments in both biological research and shielding technology
to ensure crew health and safety for longer-duration, higher-radiation-
exposure exploratory missions.

Assessing the Sources and Impact of Long-Duration Space Flight on
Crew Health and Incremental Risk

Crew performance can be compromised by (1) intrinsic health alter-
ations that occur spontaneously due to natural processes in the space envi-
ronment, (2) aspects of the space environment that impair health, and (3)
inadequate or malfunctioning life support systems. Differences among the
Design Reference Missions (ISS, Moon, and Mars), in terms of factors such
as duration, amount of gravity, and type and extent of radiation exposure,
are examples of how the mission itself will influence the interactions be-
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tween risks associated with natural processes, the space environment, and
life support systems. Thus, the risk priority and potential for interactions
among these sources will vary based on the Design Reference Mission, and these
factors will impact the severity, implications, and countermeasure development
that would be appropriate for each situation. Whereas the BR relates the human
health risks to the Design Reference Missions, it does not specifically categorize
the etiology of the risk, and operational decisions may depend significantly on
the source of these risks.

Recommendation 2.10
The committee recommends that, wherever possible, NASA
use actuarial data (such as those in the Longitudinal Study of
Astronaut Health and the related comparison group of Johnson
Space Center employees, as well as additional sources such a ge-
nomic data, where available) to estimate and/or model the like-
lihood of intrinsic health alterations for crew who will be part
of the Mars mission. Utilization of this information as part of
the selection criteria for astronauts should be considered. Af-
ter intrinsic health risks are estimated, NASA should then esti-
mate and/or model the contribution of the space environment
and life support system malfunction to increased risk.

The committee notes that such approaches are used currently for the
assessment of radiation risks and believes that the expansion of this concept
will benefit NASA operations and decision making, as well as the astro-
nauts, as they assess the risks of long-duration exploration missions. Be-
cause of the complexity of risk determination in the context of limited
available research information, it may be useful also to look beyond tradi-
tional actuarial tables and utilize advanced computer simulations of human
physiology to target mechanisms of risk and assist in the development of
countermeasures. Such broad-based models of human physiology are
readily available and have been used successfully to focus research design
and delineate mechanisms. They can also be used in a predictive fashion
when it is impossible to test the conditions through experimentation. A
quantitative and integrative approach could be used to guide the BR pro-
cess when objective data are unavailable or when sample sizes are unusually
limited.
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Autonomous Medical Care and Self-Care

The committee recognized that health care will, of necessity, be limited
during space flight, and it will not be feasible to manage all medical condi-
tions optimally during the three reference missions. The current status of
CRLs clearly illustrates the magnitude of the problem for bioastronautics
in general and for autonomous health care specifically. To prepare for risk
mitigation and autonomous medical care to the extent possible, it may be
helpful to consider the research issues in three categories, based on the type
of problem and the nature of the research required to address the problem.
These categories are the following:

• Biological issues: biological and pharmacological questions requiring
basic research with cell cultures, animals, drugs, and so forth, in the space
environment (most likely during the ISS and lunar missions).

• Operational issues: adaptations needed to make equipment and pro-
cedures operate effectively in microgravity or the environment of the ISS or
exploration vehicle. Some of these studies can be conducted during para-
bolic flight with brief microgravity or simulated on Earth, whereas others
will require validation in flight.

• Health care delivery issues: conditions that could be treated during a
mission and the equipment and supplies required to implement that treat-
ment. Some of these issues can be studied in analog environments; others
may be explored by “thought experiments” with expert clinicians, on the
basis of current and expected future development of novel diagnostic and
therapeutic capabilities. Both approaches should be supplemented with
digital simulations of acute responses and chronic adaptation that use mod-
els of contemporary research findings.

The BR addresses fundamental issues of wound and fracture healing
and acknowledges that further studies must be done in the space environ-
ment. Anecdotal evidence suggests that lacerations and abrasions heal slowly
in the space environment (Kirkpatrick et al., 1997). The complex interac-
tion between the immune system, inflammation, and wound healing im-
plies that alteration in any part of the system might affect the functioning
of the system as a whole (Yang and Glaser, 2002). If a specific issue related
to wound healing is identified, basic research to determine the nature of the
deficit might yield an insight into the specific therapy. For example, high-
dose corticosteroids impair wound healing, and this deficit is at least par-
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tially ameliorated by administration of vitamin A (Talas et al., 2002, 2003).
Similar studies into fracture healing and the immune system in a prolonged
space environment are outlined in the BR. Because of the likelihood that
injuries will occur and the paucity of mitigation strategies at present, these
and related studies must be given high priority. Similarly, the issue of drug
stability in high-radiation environments mentioned earlier (see discussion
of radiation) has to be addressed.

In the operational category, studies during parabolic flight have pro-
vided some guidance into issues such as airway management, cardiopulmo-
nary resuscitation (CPR), control of body fluids (e.g., blood) in micro-
gravity, and suction. A simple example of the operational challenges is
apparent in the application of CPR: both victim and rescuer must be me-
chanically stabilized in order to deliver effective chest compression in
microgravity, and there are few data that evaluate the effectiveness of CPR
in providing organ perfusion under these conditions. Neither adequate suc-
tion—a basic requirement for airway management—nor the capability to
vary inhaled oxygen concentration is currently available on the ISS (Bacal
et al., 2004).

Both the biological and the operational research issues are aimed not at
fundamental science, but at support of the specific health care delivery
issues that are focused on crew health and mission success. What to treat?
What not to treat? What to take in the vehicle’s medical supply manifest?
Precedents from the body of literature on health care rationing may be
applicable to guide some of these health care delivery questions. An exten-
sive review of the literature on health care in nonterrestrial environments,
including a compilation of translated relevant Russian scientific literature,
indicated that “the majority of resuscitative and surgical interventions re-
quired to stabilize a severely injured astronaut are feasible in a microgravity
environment” (Kirkpatrick et al., 1997). However, the applicability of other
health care techniques in such environments and the limitations imposed
by upload volume and mass may preclude the availability of many tech-
niques and impose a limited selection of options based on risk assessment
and logistics. Cost–utility analysis should incorporate probabilistic model-
ing of the likelihood of encountering a specific adverse event and the ben-
efit—both to the mission and to the individual—of taking action during
the mission to mitigate the health problem (Sculpher et al., 2004; Seifan
and Shemer, 2005).

As an example, what is the probability that a crew member will de-
velop a malignancy during the mission? Breast cancer might serve as an
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example of these concerns. It is generally thought that breast cancer is diag-
nosed years after the first cells become cancerous and begin to multiply.
Annual mammography, ultrasound, and physical examination still miss tu-
mors that become apparent only in retrospect, and some women develop
and present rapidly growing breast cancer between annual screening exams.
The most sensitive diagnostic modality available currently is a magnetic
resonance (MR) scan. However, even if crew were screened pre-flight with
all of the available diagnostic modalities, it is conceivable that during the
approximately 30-month duration of a projected Mars mission, a subclini-
cal tumor might become clinically manifest. If the only treatment options
were radical extirpative surgery, cytotoxic chemotherapy, focused radiation
therapy, or some other complex and highly specialized modality, it appears
unlikely that treatment would be implemented during the mission. This is
an example of the time factor cited earlier. The longer the mission, the
more likely is a clinically acute problem to surface. As previously men-
tioned (see the section on page 26 titled “The Time Factor and Its Impact
on Risk”), mission duration will affect access to definitive medical care.

However, new diagnostic and therapeutic approaches may well alter
current conclusions. The combination of more precise screening technolo-
gies and less invasive or debilitating therapies suggests that both diagnosis
and treatment of early malignancies may be feasible in the future. Focused
ultrasound is currently being used to seal bleeding vessels (Nields, 2005).
Handheld diagnostic ultrasound units are a reality at present. Transcutane-
ous radio-frequency ablation is being used currently to eradicate small breast
tumors (Wood et al., 2002). Thus it is conceivable that developments in
ultrasound, MR, or some combination of focused energy diagnostic and
therapeutic modalities may allow precise transcutaneous ablation of small
tumors by the time a Mars mission is flown. Such a handheld unit would
find other applications for other conditions such as treatment of trauma
(Noble et al., 2002; Cornejo et al., 2004) and hence be a highly desirable
addition to the medical supplies aboard the CEV. Under these circum-
stances, breast cancer—and perhaps some other malignancies—could move
from the category of “cannot treat during mission” to the category of “pur-
sue periodic screening and initiate treatment during mission.” This example
illustrates the benefits of focusing the mitigation strategies on the three
areas described above and of using an iterative process to evaluate the cur-
rent status of risks and mitigation strategies, as well as the importance again
of linking technology, insight derived from models and simulation, and
expert opinion when addressing risk mitigation in the BR.
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A factor to be considered in deciding what to treat is that in the worst
case, when Earth and Mars are most distant, communications can take up
to 20 minutes one-way. Thus, any treatment regimen that necessitates real-
time help from Earth would not be feasible, and the determination of what
can and cannot be treated with a given crew and equipment mix must take
into consideration that delays in communication may be as much as 40
minutes.

Crew selection will have a significant impact on health care delivery.
For example, health care delivery approaches can be more sophisticated if a
physician is selected as a crew member, and the reverse is true as well—a
physician may be required if sophisticated care is deemed appropriate a
priori. The committee noted that selection of an international crew could
make the health delivery issues more complex because both expectations of
and approaches to care differ among countries. Analog environment stud-
ies, quantitative risk–utility analyses, and multinational conferences may
assist in resolving these questions, which must be addressed prospectively.

The committee concluded that it will be valuable to categorize health
care risks into those with minimal and easily managed outcomes through
those of increasing severity and decreasing capability for management due
to complexity, distance, or duration of the mission in order to prioritize the
biological, operational, and care delivery strategies related to the risks de-
fined in the BR.

Recommendation 2.11
The committee recommends that a system be developed for
quantitatively evaluating the mental and physical health risks
that could affect mission success and crew health and that pri-
orities for countermeasure development (i.e., definitive treat-
ment vs. palliation) be established for the most likely condi-
tions to be encountered during each reference mission. A panel
of outstanding medical clinicians should be used to assist
NASA medical operations staff in characterizing the likeli-
hood, importance, and “treatability” of each condition.
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3

Considerations Regarding the BR Process

Several issues contribute to the complexity of the risks that the Bioas-
tronautics Roadmap (BR) addresses, including the number of iden-
tified risks, the heterogeneity of risk types, and the interdependence

among risks. In addition to the challenge of complexity, the determination
of risk regarding activities for which there is little or no operational experi-
ence always involves an element of uncertainty, and the degree of uncer-
tainty should be incorporated into the BR if it is to be a useful tool for
decision making. Once identified and characterized, the method by which
risk-related information is stored and made available to users also affects
the overall effectiveness of the BR. This chapter reviews and comments on
the methods used to construct the BR and on the format and approach
used to represent and communicate its content.

RISK ASSESSMENT

As noted in the introduction to this report, efforts to understand and
manage the risks associated with human space flight have been ongoing at
the National Aeronautics and Space Administration (NASA) for many
years, and specific activities related to the development of a roadmap began
in the early 1990s. The process of risk identification that resulted in the BR
commenced in 1997, in brainstorming sessions involving NASA, the Na-
tional Space Biomedical Research Institute (NSBRI) staff and collabora-
tors, and non-NASA experts who rated risks within their own discipline
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areas. With guidance from National Academies’ (see Appendix A) and other
advisory reports, 150 risks were identified. More recently, and after several
iterations, the list was culled to the 45 risks that are the focus of the current
BR (http://bioastroroadmap.nasa.gov).

The current set of risks and related research and technology questions
were identified through an iterative process that included input from the
discipline teams, the Bioastronautics Science Management Team, the Chief
Health and Medical Officer, the Astronaut Office, flight surgeons, and
NASA research management.

In the characterization of risks contained in the BR, risk assessment
criteria included the determination of the likelihood of occurrence; the
severity of consequences of each risk in terms of the crew’s health, safety,
and ability to perform mission objectives; and the state of the mitigation
strategy. Relative risk priorities were derived from that assessment. Each
risk has a set of associated research and technology questions. The answers
to these questions are intended to lead to (1) risk assessment and quantifi-
cation, (2) the development of countermeasures to prevent or mitigate the
deleterious effects of space flight, (3) an improved basic understanding of
underlying processes, and (4) medical diagnostic and treatment capabili-
ties. This risk-based approach was devised to enable the development of a
more rigorous decision-making process for allocation and implementation
of resources, risk prioritization, access to facilities, operational requirement
implementation, and crew time, as well as for development of cost-effective
countermeasures and the design and implementation of effective advanced
life support technology.

The committee agrees that NASA’s decision to draw on expert opinion
in identifying and ranking risks is a reasonable strategy, given the broad
array of topics addressed in the BR and the need, in some cases, to charac-
terize risks by extrapolation from current experience. However, the com-
mittee believes there are weaknesses in the current risk assessment process
related to (1) lack of information regarding the quality of evidence that
informs risk assessment, (2) the obscuring of risk that results from “lump-
ing” both the risk and its associated mitigation into a single value, and (3)
lack of a quantitative measurement of uncertainty related to the risk. These
areas can, and should, be enhanced, and they are discussed in the sections
leading to Recommendations 3.1, 3.2, and 3.3. These recommendations
flow from an understanding that expert opinion in health care and the life
sciences is influenced both by systematically derived data and by heuristics,
or “rules of thumb,” that are derived from personal and group experience
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(McDonald, 1996) and an awareness that the risks in the BR range from
theoretical concerns (e.g., virus-induced lymphomas and leukemia) to prac-
tical issues (e.g., nutrition, motion sickness, and bone and muscle loss). In
addition, some risks are specific (e.g., renal stone formation), whereas oth-
ers are general (e.g., ambulatory care).

The committee believes that risk assessment should primarily be
evidence-based wherever possible, and where evidence does not exist, re-
search should be directed to acquiring the evidence needed (see example on
bone fracture risk associated with prolonged exposure to microgravity, Ap-
pendix D). Rating the quality of each published source of information
should be a component of the BR. Quality ratings should follow com-
monly used criteria such as those of the Cochrane Collaboration (Starr and
Chalmers, 2005) or the Agency for Healthcare Research and Quality
(AHRQ, 2002) National Guideline Clearinghouse, recognizing that qual-
ity rating methods based only on the published literature will have to be
modified to accommodate other sources such as conclusions from work-
shops and planning meetings. For risks that have more than one informa-
tion source, the quality of the most robust source should be noted.

Recommendation 3.1
The committee recommends that NASA determine, and incor-
porate into the BR, measures of the quality of the evidence
that forms the basis for defining risks and the assessments as-
sociated with each risk.

Disaggregation of Risk from Mitigation of Risk

Currently, the status of risks is represented in the BR as the aggregation
of the importance of the risk (probability of occurrence × severity of conse-
quences) combined with the effectiveness of the current state of counter-
measures. In this model, a “severe” risk to the crew—such as loss of breath-
able atmosphere—would be represented as being minimal if the state of life
support technology readiness or life support capability readiness to miti-
gate the risk was high. The committee notes that it is important to explic-
itly and separately assess and represent the importance of each risk and the
state of the mitigation strategy or countermeasures that address the risk.

Disaggregation of mitigations is important for several reasons. First, it
is important because aggregated risk values obscure the risk itself and can
lead to false confidence or concern, depending on the status of counter-
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measure or technology development. Second, the functioning of many parts
of the space flight system is closely linked to the functioning of other parts
of the system, and approaches that are used to mitigate one risk may have a
positive or negative impact on other risks or mitigations. Finally, as the
space flight system evolves, changes in systems may have a positive or nega-
tive impact on the mitigations. Failure to track risk separately from risk
mitigation could well lead to failure to focus on the inherent relationships
among risks and mitigations. For example, the risk of high “g’s” for a fighter
pilot can be mitigated adequately by a “g-suit” system that is inflated by air
pressure, and disaggregation of the mitigation from the risk helps ensure
that system designers are aware that any changes that may affect the ability
of the system to inflate the g-suit could affect the mitigation of the risk of g-
induced incapacity. The committee observes that this disaggregation will
also help maintain a clear understanding that the notion of “retiring risks”
due to the availability of effective countermeasures is seldom an accurate
depiction of the state of operational readiness, since the underlying health
and safety issues (e.g., loss of breathable atmosphere) remain a concern and
are not “retired” by the existence of a life support system.

Recommendation 3.2
The committee recommends that NASA structure the BR to
represent separately the severity and likelihood of each risk
and the state of the mitigation strategy or countermeasures
associated with each risk.

Expressing Uncertainty

The determination of risk always involves an element of uncertainty.
To fully communicate the likelihood of occurrence of an event, it is neces-
sary to communicate the extent of uncertainty in the assessment. The un-
certainty associated with a risk may be represented by objective measures
such as statistical confidence intervals and sensitivity analyses (NCRP,
1996, 1997; Warren-Hicks and Moore, 1998; Grogan et al., 2000; NCI–
CDC, 2003) or by less objective but potentially useful techniques such as
approximate reasoning (Hayes et al., 1979) or possibility theory using fuzzy
sets (Zadeh, 1978). It is also possible to state uncertainty using narrative
descriptions of the risk, such as expert opinion obtained in focus group
settings (Cacuci, 1988; Lash and Silliman, 2000). The current printed
and on-line versions of the BR do not include any expression of uncer-
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tainty in terms of risk estimates, reported confidence intervals, or narrative
discussion.

Variability of Opinion About BR Risks

Heuristic solutions result from an informed set of principles or rules
that an individual or group uses for decision making. Although such rules
may rely on an empirically derived knowledge base, it is important to un-
derstand that experience, judgment, personal philosophies, and external
pressure can affect a heuristic, causing different groups to reach different
conclusions. Given that it is formulated from a set of risks derived from
discussions among different teams of disciplinary experts, the BR is not
immune to such effects. However, ongoing discussions among the Bioas-
tronautics Science Management Team, the Office of the Chief Health and
Medical Officer, the Astronaut Office, flight surgeons, and research man-
agement have led to views of the risks of space flight that are generally
similar, but not identical, within and outside NASA.

For example, the Institute of Medicine (IOM, 2001) panel that
authored Safe Passage: Astronaut Care for Exploration Missions selected four
risks that earned the panel’s highest rating of “severe” for a flight to Mars:

1. Trauma and acute medical problems
2. Carcinogenesis caused by radiation
3. Human performance failure because of poor psychosocial

adaptation
4. Acceleration of age-related osteoporosis

The version of the BR originally supplied to the IOM for review
(NASA, 2004) used similar language, listing the most serious risks for a
Mars mission as the following:

1. Addressing the requirements for autonomous medical care
2. Providing radiation protection
3. Maintaining behavioral health and performance
4. Bone loss–related issues
5. Advanced human support technology

Flight surgeons and astronauts provided the BR review panel with a
narrower, operationally focused set of priorities for exploration (Baker et
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al., 2004). Analogous sentiments are echoed in the most recent version of
the Bioastronautics Roadmap (NASA, 2005), which states that “actual risks
must be operationally based, not research based.” Flight personnel identi-
fied four high-priority items:

1. Medical care diagnosis and treatment
2. Radiation exposure
3. Behavioral health and performance
4. Neurovestibular functionality

Bone loss was considered a lesser, but still important, item. The differ-
ence between this highest-priority list and preceding ones is that flight per-
sonnel place higher value on the ability of an astronaut to pilot a spacecraft
during nominal and/or contingency operations. At the same time, they
expressed the belief that successful countermeasures for musculoskeletal
deconditioning are imminent.

An excellent example of the different values applied to the BR comes
from the results of a consensus workshop held in May 2004 in Houston.
Representatives of the Astronaut Office, Space Medicine Office, and the
Bioastronautics Science Management Team (BSMT) met to review the BR
and assess its suitability for reducing the risk of human space travel to Mars.
Participants were asked to rate their concern about the subset of BR human
risks, the need for future research in each area, and modifications to any of
the risk set. Figure 3.1 summarizes data supplied to the committee.

Although the median “worriness” rating for the high risk category in
the BR exceeded that of the medium risk category (median values 6.0 vs.
2.5; p = 0.015), the considerable overlap of “worriness” scores among the
high, medium, and low risk BR categories (dark, medium and light gray
dots, respectively in Figure 3-1) suggests that different heuristics to evaluate
risk for human space exploration operate within NASA. Those communi-
ties most directly affected by the risk of a human space flight to Mars (i.e.,
astronauts and flight physicians) did not share all concerns raised by the
disciplinary experts responsible for developing the BR, and in several cases
felt that some risks did not belong in the Bioastronautics Roadmap (i.e.,
“worriness” score of 0).

Recommendation 3.3
The committee recommends that whenever possible, NASA re-
structure the BR to include a quantification of the uncertainty
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of risks using standard uncertainty analysis techniques (e.g.,
frequentist, Bayesian, or possibility theory and approximate
reasoning) that will provide uncertainty distributions or
ranges in addition to point estimates. This will help contrib-
ute to the subsequent definition of operating bands.

The operating bands and exposure limits coming from the BR can be
used as the basis for integrating bioastronautics risks into full-scope risk
analyses for each of the reference missions. These larger mission risk analy-
ses should be scenario-based, quantitative risk analyses. This approach
would allow the evaluation and prioritization of all types of risk within a
common framework.
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FIGURE 3-1 Results of the CB/SD/BSMT consensus workshop held May 25–26,
2004, in Houston, Texas. Representatives of the Astronaut Office, Space Medicine Of-
fice, and NASA bioastronautics management were asked to formulate a consensus rat-
ing of each Bioastronautics Critical Path Roadmap (BCPR, currently Bioastronautics
Roadmap) risk on a “worriness” scale in response to the question, How worried would
you be about this risk if we were to go to Mars today? A score of 0 indicated no concern;
a score of 10 represented the greatest possible concern. Shaded dots (black, medium
gray, light gray) represent the rating of human health risk (high, medium, or low, re-
spectively) in the BR at the time of this assessment (May 2004). Horizontal bars indi-
cate median rating.
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DETERMINATION OF ACCEPTABLE RISK

The committee believes that the BR can be a tool to support both
identification and management of risks such that each risk reaches an “ac-
ceptable” status for the relevant mission by the intended launch time for
that mission. Several potentially useful risk management systems currently
exist (e.g., NASA Continuous Risk Management Program [NASA, 1999],
U.S. Navy Virginia Class Submarine [Kulez, 2003]). The committee does
not recommend a specific implementation system but observes that a
roadmap that supports risk management will have to contain elements that
support operations in addition to those that point to needs for further
research.

In this regard, although research in most fields may continue ad infini-
tum, the BR should attempt to identify “what is good enough” for the
launch of a given category of mission. Researchers in virtually all fields are
reluctant to declare total success, since this would be tantamount to forfeit-
ing future funding. In the conduct of exploration, leaders cannot wait until
every detail is resolved definitively, but only until the collective risk is miti-
gated adequately or otherwise reduced to permit a high enough level of
optimism to justify mission initiation. This by no means suggests that re-
search in a field should be terminated when sufficient progress has been
made for launch, only that the mission should be “cleared” and further
research dissociated from the operational aspects of the mission.

The presentation of information relative to risk management will have
to be linked to the Design Reference Missions. The three different missions
under consideration—1 year aboard the International Space Station (ISS),
1 month on the lunar surface, and a 30-month mission to Mars and back—
will have different detailed risk management requirements in each risk cat-
egory. A risk currently considered unacceptable for the Mars mission may
very well be acceptable for the ISS mission. The fact that four Russian
individuals (Titov, Manarov, Polyakov, and Avdeyev) have already spent a
continuous year or more each in low Earth orbit suggests that the ISS mis-
sion category should be rephrased to either (1) identify additional detailed
(scientific) mission objectives over and above mere survival for a year in
orbit or (2) call for qualifying humans for routine and/or repetitive mission
durations of 1 year in the ISS.
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RISK COMMUNICATION

The manner in which risk-related information in the BR is represented
and communicated to users is important to its overall effectiveness as a
program management tool. The committee has identified issues of repre-
sentation and communication that would help support the full range of BR
stakeholders, notably NASA medical operations personnel and astronauts,
in addition to NASA-funded researchers and contractors engaged in coun-
termeasure development. Central among these issues is that the BR has been
presented as a document for review. The committee believes that the BR should
be thought of and designed as a dynamic database of information relative to
risk definition and assessment from which a document or set of alternative
documents can be derived at any point in time and incorporated into a risk
management program. Databases lend themselves to the creation of mul-
tiple, different views of subsets of information in the database, and this
capability parallels the need for many different groups of stakeholders to
view the overall BR from different perspectives and at different levels of
detail. Viewing and structuring the BR as a database will also facilitate
keeping it current as new knowledge and new technologies emerge. The
web-based on-line version of the BR—with its searchable interface and
alternative views for aggregating BR information—is an important step in
this direction.

The current BR contains for each risk a section titled “Important Ref-
erences,” and many of these include hypertext links to the citation with
abstract. It is not possible, however, to determine which references are linked
to the specific elements of the BR structure (e.g., risk description, risk rat-
ing, current countermeasures, research and technology questions). The
availability of links to citations is helpful and would be enhanced by links
to the full text of publications, wherever feasible and within the constraints
of copyright law.

A variety of alternative methods for scoring and communicating risk
information may help with communication to different BR user commu-
nities. One widely used format for representing risks not currently incorpo-
rated into the BR is the NASA-wide Continuous Risk Management Pro-
gram (NASA, 1999), and the committee encourages its continued use
because it is widely recognized and understood throughout NASA. NASA
developed the Continuous Risk Management Program in 1996 to help
project managers continuously identify, analyze, and manage risk through-
out the life cycle of a project and for use as a proactive tool for managers to
monitor resource allocation and ensure that critical project milestones are
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achieved within an acceptable level of risk. The use of the Continuous Risk
Management Program results in a set of actionable risks that can be as-
sessed with regard to the probability and consequences of occurrence. This
information could be used to plan mitigation measures indicating that all
risks have been reduced to acceptable levels by the projected launch date, to
inform cost–benefit analyses and prioritization efforts, and to help NASA
obtain adequate resources (funding, time, expertise) to carry out these mea-
sures. Representation of BR risks in this format, in addition to the current
formats, may be an effective supplemental way of communicating the ele-
ments of the BR throughout the organization.

Recommendation 3.4
To enhance effective communication of the content of the BR,
the committee recommends that the BR be designed and uti-
lized as a dynamic database of information relative to risk defi-
nition and assessment, from which a document or set of alter-
native documents can be derived at any time and incorporated
into a risk management program.

KEEPING THE BR CURRENT

The period of time over which the Design Reference Missions will be
planned and executed is decades. Thus, it is fundamentally important that
configuration control methods be established and implemented for keep-
ing the BR up-to-date as new knowledge and technologies develop. In this
regard, the committee observed that new literature relative to risks in the
BR that became available over the course of committee deliberations has
not yet been incorporated into the BR. A mechanism is needed for periodic
searches of the literature for information related to risks—including re-
search conducted in space or in analog environments—as well as literature
on the status of validation of existing countermeasures. This process can be
facilitated by identifying an “owner and manager” within NASA for each
set of related BR risks and establishing a regular review cycle. Given the rate
of publication of new literature, it seems prudent to conduct reviews for
updating not less than once annually.

Where there is a desire to combine published research data with “ex-
pert opinion” from stakeholders, methods such as computer modeling
(White et al., 2003), Bayesian updating, and elicitation of expert opinion
are available (see Appendix E for a description of the Bayesian update pro-
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cess). When relevant, digital modeling and simulation should be used to
integrate and extrapolate findings. Regardless of the combination of re-
search data and expert opinion, the long time frame of the space initiative
makes it imperative that new knowledge and technologies be incorporated
into the BR.

Recommendation 3.5
The committee recommends that the references cited in the
BR be updated to reflect more recent research on both risk
identification and countermeasure development. Moreover, a
mechanism should be established for the ongoing review of the
current best evidence contained in the research literature, and
methods should be developed to integrate new findings from
the literature with the expert opinion of key stakeholders, in-
cluding those from operations and the research community.

INDEPENDENT HEALTH AND MEDICAL AUTHORITY

The Columbia Accident Investigation Board’s (CAIB’s) report recom-
mended the establishment of an Independent Technical Engineering Au-
thority “that is responsible for technical requirements and all waivers to
them” in order to “build a disciplined, systematic approach to identifying,
analyzing, and controlling hazards through the life cycle of the Shuttle Sys-
tem” (CAIB, 2003). The Office of the Chief Engineer has now been estab-
lished as the NASA Independent Technical Authority (ITA), whose mis-
sion includes the following: developing and maintaining technical
standards; serving as the sole waiver-granting authority for technical stan-
dards; conducting risk analyses; serving as owner of the failure mode, ef-
fects analysis, and hazard reporting systems; deciding what is and is not an
anomalous event; and independently verifying launch readiness.

The committee finds that the decisions that will have to be made with
respect to health and human safety aspects of the Design Reference Mis-
sions are similar in complexity to those relating to the Shuttle as a system of
systems. Additionally, there may be a number of human health issues for
which there are not sufficient data to perform a definitive risk analysis or
perform conclusive testing or simulation prior to the mission, and there
may be a need to accept a substantial amount of unmitigated risk to the
crew. It seems reasonable to conclude that establishment of an Independent
Health and Medical Authority (IHMA) with a scope of authority and re-
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sponsibility analogous to the ITA, but focused on matters of crew health,
safety, and effectiveness, is an appropriate management construct within
the agency. Just as the ITA is the owner of technical standards, risk analysis,
waiver granting, and verifying launch readiness for systems, an IHMA
would do the same for human health and medical care issues. The involve-
ment of the IHMA in assessing the ongoing activities of the BR—especially
as they change and evolve over time—would foster a “closed-loop” approach
for monitoring progress in risk reduction in each of the BR risk areas. The
IHMA could delegate authority appropriately through a system of warrant
holders such as that used by the ITA, with cooperation between discipline
experts in the development and maintenance of standards, especially in
areas of potential overlap such as environmental monitoring and human
factors. Warrant holders would be expected to coordinate closely with each
other when deviances to standards are considered.

Recommendation 3.6
The committee endorses the principle that critical decisions
regarding safety and health should be made by an authority
that is independent of programmatic costs and schedules.
Given the importance and complexity of health and human
safety issues, the committee acknowledges and endorses the
creation of the Independent Health and Medical Authority
(IMHA), analogous to the Independent Technical Authority,
and recommends that the IHMA be given responsibility, au-
thority, and accountability for the health and safety decisions
that relate to risks identified in the BR.
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4

Considerations Regarding the BR Context

The National Aeronautics and Space Administration’s (NASA’s) hu-
man space flight program has attained one of the world’s greatest
technological achievements: landing humans on the Moon. In

1966, at the height of the Apollo program, NASA received 4.4 percent of
the total federal budget; today NASA receives less than 0.7 percent. Now
NASA is poised to attempt missions of even greater visibility and risk. It is
in this clash of performance expectations and budgetary constraints that
the Bioastronautics Roadmap (BR) was created. This presents unique chal-
lenges (and opportunities) for NASA. This chapter considers the BR in the
context of the pressures—internal and external to NASA—that generate
additional risk for human space flight.

ORGANIZATIONAL CHARACTERISTICS AND RISK

The risks identified in the BR occur in the context of a larger set of
risks to the human space flight program and to NASA as an organization.
Highly visible failures, such as the loss of the Space Shuttles Challenger and
Columbia, have the potential to erode public confidence in—and congres-
sional support for—human space flight and NASA as an agency.

Although the presidential initiative announced in January 2004 (White
House, 2004) has added impetus and focus to the goals of NASA, under
certain circumstances it could add an additional risk—pressure being ap-
plied to achieve the goals of the initiative without sufficient time or re-
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sources for adequate preparation—that could compromise mission safety.
Pressure could increase when critical biomedical research is delayed by a
disaster-related response, such as the one that occurred after the loss of the
Challenger. Thus, to the technical risks of space flight, the President’s ini-
tiative has added the organizational risk that elements of the BR might be
compromised in an effort to meet a societal goal. The single most substantial
organizational risk that NASA faces may be the possibility that a thoughtfully
conceived roadmap could be preempted or abandoned as a result of such pres-
sures or of an abrupt change in policy direction.

Like the Challenger investigation, the Columbia Accident Investiga-
tion Board Report (CAIB, 2003) highlighted an inadequate safety culture
within NASA leading to human performance failure. Figure 3.1 was in-
cluded in this report because it illustrates the remarkable lack of agreement
among a knowledgeable group of evaluators who were asked by NASA to
address the question, How worried would you be about this risk if we were
to go to Mars today? The responses were widely distributed, and mean or
median values for such data would appear to be of little or no value. One of
the key lessons from the Challenger and Columbia events was the impor-
tance of listening to even a single voice, if that voice came from a knowl-
edgeable source, rather than responding to the “group mean” regarding
risk.

These topics are conspicuously absent from the current version of the
BR. Furthermore, differences in the organizational culture, and thus the
safety culture, of the international space agencies participating in the Inter-
national Space Station (ISS) or any of the future Design Reference Mis-
sions may exacerbate conflict both within crews and between crews and
mission control, increasing the risk of human performance failure (NRC,
1998; Kanas et al., 2000). Support for this thesis is garnered from studies in
analog environments, such as submarines (Wilken, 1969; Thomas et al.,
2000) and Antarctic expeditions (Wood et al., 1999; Palinkas et al., 2004)
that have noted cultural differences in interpersonal relations and adapta-
tion to prolonged isolation and confinement as being relevant to BR Risks
24 and 25 (human performance failure due to poor psychosocial adapta-
tion and human performance failure due to neurobehavioral problems) and,
ultimately, to human performance failure.

There is a need to ensure close collaboration between NASA research-
ers, university- and foundation-based researchers, and operational person-
nel. Successfully implementing the BR will require working through or
around this problem, bringing in various stakeholders (Palinkas et al.,
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2005). The committee was especially sensitive to the relationships among
internal NASA scientists, external investigators, and operations personnel,
and these relationships were a prominent theme in many of the delibera-
tions that led to the conclusions and recommendations in this report. Each
of these communities feels, to some extent, that the other communities do
not adequately appreciate their concerns or viewpoints, but this results in a
creative tension that is highly appropriate because it brings advocacy to
views that need to be represented in the risk analysis and mitigation ap-
proaches that make up the BR specifically, and the overall NASA bioastro-
nautics program in general.

The committee concludes that these organizational and cultural fac-
tors can have important consequences for crew safety and mission success
and thus represent risks that should be considered in the BR.

Recommendation 4.1
The committee recommends that an additional risk labeled
“human performance failure due to organizational and cul-
tural factors” be added to the BR. It may prove optimal to
track this risk in a manner differently from the other risks in
the BR (e.g., annual analyses of organizational and cultural
risk in a separate report, use of an external standing panel to
discuss this issue regularly). The committee’s intent is that a
risk-focused analysis of organizational and cultural issues be-
come a visible part of the BR process.

ANALYSIS AND PRIORITIZATION TO MEET
THE LAUNCH SCHEDULE

As a result of the President’s space exploration initiative, NASA has
proposed a schedule that requires considerable resources. Prospective fund-
ing, up-mass (determined by the type of launch vehicle), power, available
equipment, and crew time (both number of crew and their availability to
participate in bioastronautics research) are limited resources that directly
affect NASA’s ability to utilize the BR to reduce risk.

One example of constrained resources concerns the variety of counter-
measures that are suggested for the inherent physiologic problems associ-
ated with exposure to the space environment for the period of time neces-
sary to support the Design Reference Missions. Life support equipment
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that functions in microgravity for prolonged periods will have to be de-
signed and tested, medical procedures that can be performed in a micro-
gravity environment have to be created, and regenerative life support sys-
tems must be designed and built. For the above technologies, procedures,
and capabilities to achieve a Technology Readiness Level (TRL) of 7, by
definition these systems must be tested in an “operational environment”
(i.e., a microgravity environment). It is almost axiomatic that the efficacy
of alternative countermeasures—assuming the crew transits under micro-
gravity conditions—can be tested only in an environment of microgravity.
Therefore, the general problem of insufficient microgravity flight time,
where such systems are tested and capabilities are validated for exploration
class missions, becomes a formidable challenge. A similar concern exists for
validation of systems and countermeasures in lunar and martian gravity.

Currently, various constraints—created by NASA or external to it, such
as the Iran Nonproliferation Act of 2000—limit the International Space
Station to a maximum of two (soon to be three) crew members. Routine
maintenance of the ISS occupies the vast majority of a crew’s time (NRC,
2002), leaving insufficient time for significant research activities, much less
the effort that would be required to achieve a TRL of 7 for needed proce-
dures. Furthermore, the committee is concerned that the planned ISS life
span may not be sufficient to accommodate the necessary research or tech-
nology development and validation that will be necessary to enable the
exploration vision. Finally, even if ISS support is extended and the crew size
is augmented, it still may not fully meet the demands for the research that
will be needed to support the Design Reference Missions. For example,
without a test facility that closely duplicates the ambient pressure and par-
tial pressures of gases to be found in the Crew Exploration Vehicle (CEV),
appropriate decompression procedures for extravehicular activity (EVA) and
space suit activities cannot be validated in an operational environment.
Without a suitable low Earth orbit (LEO) research facility, it is not clear
how NASA will be able to accomplish the research studies that are likely to
be required to support the Mars initiatives.

Projects with extremely long lead times are particularly vulnerable to
problems with research prioritization. Consider the derivation and valida-
tion of the select-in and select-out criteria for the crew selection process
described in Chapter 2. In order to derive such selection criteria, long-
duration isolation experiments under conditions of stress—using astronauts
or astronaut surrogates as experimental subjects—would have to be per-
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formed during the derivation phase (Countermeasure Readiness Level,
CRL, 1–3). A prospective validation phase would then be necessary (CRL
4–7). Such experiments would then have to be repeated to achieve a mean-
ingful sample size (also requiring long-duration experiments with astro-
nauts or their surrogates). It would be optimistic to believe that the first set
of derived criteria would be successfully validated; therefore, several at-
tempts at select-in and select-out criteria would be necessary (CRL 7–9).

Similarly, a decision to select a multicultural or mixed-gender crew for
long-duration space flight appears likely. The evidence suggests that inter-
personal dynamics are influenced substantially by factors such as cultural
composition (Lozano and Wong, 1995; Kozerenko et al., 1999; Kring,
2001). Such team dynamics are important factors influencing the success
of the expedition. Homogeneous teams appear to work better together than
diverse teams (Chatman, 1991; Chatman et. al., 1998). If this experience is
considered relevant to crew selection, the ISS or appropriate mission simu-
lations would have to serve as test facilities to validate relevant select-in and
select-out criteria for human planetary exploration.

It is not clear to the committee that select-in and select-out criteria
could be successfully derived, validated, and implemented by the time hu-
man exploration beyond LEO commences.

Another example of a long-lead-time project concerns the question of
whether an artificial gravity environment will be necessary to maintain crew
health during a 30-month Mars mission. At issue is the fact that the 0.38g
gravitational field of Mars cannot be simulated on Earth for more than a
few seconds. Long-term simulations are possible using a centrifuge in the
free-fall environment of the ISS. Such a facility—designed to fully support
habitats for research rodents—is scheduled to launch in 2008 or later. How-
ever, this program is under consideration for cancellation as a result of
budgetary constraints. Without this enabling research, it is entirely con-
ceivable that astronauts would land on Mars without any evidence-based
assurance that the martian gravitational field would provide sufficient mus-
culoskeletal loading to ameliorate continued bone demineralization. Alter-
natively, large sums might be spent needlessly on developing a more com-
plex rotating Mars spacecraft.

An ambitious and appropriate research program has been proposed by
NASA in the BR. In view of the fact that the nation’s most important test
facility for human space flight research—the ISS—is constrained by time,
up-mass, research facilities, escape capabilities, power, and crew availability
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(NRC 2002; RAND, 2002), the committee concludes that resources are
insufficient to perform the additional work necessary to mitigate the risks
identified in the BR to acceptable levels.

Recommendation 4.2
The committee recommends that NASA perform regular, de-
tailed assessments of the additional risks to the conduct of the
President’s 2004 vision for space exploration posed by the lack
of available resources to fully address the issues posed in the
BR. This assessment should then be used to make early strate-
gic decisions regarding issues such as, but not limited to, the
following:

1. How to provide support for a microgravity research plat-
form that will have the resources (crew time, up-mass, facili-
ties, and power) for the large amount of work necessary to
validate countermeasures; achieve Technology Readiness Level
7 for life support systems sufficiently early in the design phase
to allow their integration into the overall vehicle; and demon-
strate the utility of medical procedures in microgravity.

2. How to support the extensive behavioral research pro-
gram that would be necessary to validate processes or counter-
measures such as select-in–select-out criteria (both for indi-
vidual crew members and for a composite crew), issues related
to cultural diversity, crew interactions, and isolation or stress-
induced hazards. These issues may well require long lead times
to study adequately.

ADDRESSING THE CHALLENGES POSED
BY THE SMALL SAMPLE SIZE

A number of criteria can be considered in flight crew sizes: (1) resource
requirements such as funding, vehicle capacity, and mission objectives; (2)
standards for assessing quality control or hardware reliability; and (3) statis-
tical power for performing research. Given the importance that NASA
places on each of these criteria, the committee recognizes that NASA must
consider all three sets of factors when determining crew sizes.

Regardless of which criteria are used to derive crew sizes, achieving
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statistically valid results using flight crews will be a daunting problem.1  In
general, very small sample sizes make it impossible to state either quality
control or research findings with reasonable confidence intervals or to com-
pare alternatives using tests of statistical significance. The committee recog-
nizes that health-related studies based on observations of space mission
crews will, for the foreseeable future, suffer from small sample size. Conse-
quently, inferences based on single missions will have inadequate statistical
power unless, in the context of reliability analysis, the problem under study
is so prevalent that it is detected in the first few subjects (Virzi, 1992;
Lewis, 1994). Methods are available to address this problem, including the
pooling of data from multiple studies or missions in the manner of sequen-
tial clinical trials (IOM, 2001) and Bayesian sequential trials. The commit-
tee proposes that rather than rely on data from a single mission for inference,
NASA analyze data pooled from several missions. More specifically, the com-
mittee proposes that studies be designed to incorporate as many missions as
possible, somewhat in the manner of sequential clinical trials, and also that
they incorporate prior information from archival data and ground-based
studies to the extent practicable. In a Bayesian framework, a prior uncer-
tainty distribution for extent of bone mass loss as a function of age, gender,
and time in space, for example, would be incrementally modified by new
information gained from—and incidental to—a series of missions. The
goal would be to develop a sequence of posterior distributions about the

1By way of example, managers of NASA’s bioastronautics program have tried to deter-
mine whether sufficient astronaut subjects will be available to conduct the forward research
needed to successfully mitigate the risks imposed by the Design Reference Missions. A work-
shop was convened in Houston, Texas, in May 2004 to estimate the requirements for human
subjects in exploration research. Representatives of the extramural and intramural research
communities, flight surgeons, astronauts, bioastronautics management, and ISS payload plan-
ners attempted to derive realistic guesses of the minimum number of subjects that would be
needed to mitigate each BR risk to an acceptable level. Without a priori calculation of statis-
tical power, they concluded that at a minimum, 1,025 data points would be required to
complete the logistical tasks associated with the current BR, with the majority (71%) derived
from in-flight experiments. In the best case (i.e., if each ISS crew member participated in six
experiments, the experiments did not interact, and they were performed without loss of
data), at least 120 astronaut subjects would be required, nearly double the total number of
ISS crew members expected for the rest of its useful life. (This assumes a three-person crew
rotating every six months; this estimate and the utility of the resultant data would be further
affected by changes in the size of the crew or the length of their sortie.)
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quantity of interest, the last of which would always summarize the current
accumulated information (see Appendix E for more details).

Recommendation 4.3
Drawing on the findings of the Institute of Medicine report
Small Clinical Trials: Issues and Challenges (IOM, 2001), the
committee recommends the use of pooled data from Bayesian
sequential trials techniques and hierarchical random or fixed
effects methods to compensate for the small sample sizes asso-
ciated with individual flights.

EFFICIENCY AND TECHNOLOGY ISSUES

Bioastronautics is a focused effort to enable human exploration of space
through effective risk management solutions and innovative science and
technology discoveries (NASA, 2003). The BR states that the roadmap is
the framework used to identify and assess the risks of crew exposure to the
hazardous environments of space (NASA, 2005, p. 1). Later, risk is defined
more broadly as the conditional probability of an adverse event from exposure
to the space flight environment (NASA, 2005, p. 12). The lack of specific
reference to crew exposure in this second definition has the potential to
produce confusion and misinterpretation of the BR.

The BR states that it “guides the prioritized research and technology
development that, coupled with operational space medicine, will inform:
(1) the development of medical standards and policies; (2) the specification
of requirements for the human system; and (3) the implementation of medi-
cal operations. The BR provides information that helps (1) establish toler-
ances (i.e. operating bands or exposure limits) for humans exposed to the
effects of space travel and develop countermeasures to maintain crew health
and function within those limits, and (2) develop technologies that make
human space flight safe and productive.”

In this context, it is inappropriate to have the BR address any other
aspect of technology development that is not directly tied to crew exposure
to the hazardous environments of space. The committee concludes that
evaluating “efficiency risks” is relevant to the BR only when it relates spe-
cifically to crew exposure to the hazardous environments of space.

A more precise definition of “efficiency” may clarify the problem. Of-
ten, the BR uses the term “efficiency” ambiguously. Generically speaking,
efficiency represents “the ratio of the effective or useful output to the total
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input in any system.”2  However, the efficiency risks described in the BR
are described better by the term “economy,”3  which represents savings real-
ized by optimizing resource utilization. In the context of the BR—like many
other space systems engineering problems—resources can be defined by six
metrics: mass, volume, power, reliability (time), complexity, and con-
sumables. These are legitimate system-level considerations, but the types of
risks associated with thinking about these questions are quite different from
those associated with crew exposures to hazards. The systems engineering
approach required for exploration results in a solution that is economical in
each of these dimensions. However, several of these dimensions are pre-
defined for the human system. Thus, the risk management principles ap-
plied to such technology development will be different. For example, project
risk management principles typically drive system engineering (Royer,
2002), and safety risk management principles typically drive the develop-
ment of hardware and infrastructure in which and with which humans will
interact.

The committee does not support the notion that risks associated with crew
exposure to the hazardous environments of space and resource risks and con-
straints can credibly be addressed in parallel in the same management process.
The proper time sequence is to address risks associated with crew exposure to the
hazardous environments of space and continuously update the data available to
a higher-level risk management process that makes more and more informed
decisions about the value of accepting or further mitigating a risk. Resource
constraints are appropriately addressed at this higher (programmatic) level, and
these decisions feed back into overall systems designs, which are adjusted as
needed to accommodate the total acceptable programmatic risk. This may well
involve substantial engineering research and development to produce more
effective or efficient system components, which is a key element of the
spiral design concept that NASA has adopted for its exploration vision.
However, the fundamental difference between the technology systems (e.g.,
vehicles; equipment; food preparation and delivery systems; clothing; air
production, purification, conditioning, and distribution) and the human
system is that the human system cannot be “reengineered” or redesigned in
the same manner as mechanical components. In this sense, human risks
drive all other systems development, with little room for adjustment.

2http://dictionary.reference.com.
3http://dictionary.reference.com.
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The committee concludes that system efficiency concepts in the BR
must focus on risks of adverse crew health events associated with technol-
ogy and system failures.

Recommendation 4.4
The committee recommends that the current definition of risk
be altered to clearly identify at least two types of risks: (1)
health and medical risk, defined as the conditional probabil-
ity of an adverse event to the human system (i.e., crew health
or medical event) resulting from exposure to the space flight
environment, and (2) engineering technology and system per-
formance risk, defined as the conditional probability of an
adverse event resulting from the space flight supersystem that
affects crew health or mission success.

THE CASE OF ADVANCED HUMAN LIFE SUPPORT

The engineering and system technology risks found in the advanced
human life support category are linked clearly to human health risks. Ad-
vanced human life support comprises food and life support systems, envi-
ronmental monitoring and control systems, and EVA technologies and the
human factors related to these technologies. In the area of Advanced Hu-
man Support Technologies, NASA faces challenges that may be divided
into two areas: (1) determination of the optimal technology and (2) engi-
neering development and qualification of the hardware, software, and op-
erational procedures required to realize the system’s performance. Neither
of these challenges is associated directly with crew health risks, except
through the development of medical and toxicological requirements that
advanced human life support technologies must meet. Notwithstanding
the recommendation above (i.e., that the BR should be focused only on
engineering technology and system performance risks related to the condi-
tional probability of an adverse crew health or medical event resulting from
the space flight supersystem), the committee provides some discussion here
of the two challenges.

Determining the optimal technology involves interrelated studies of
the medical and toxicological, physical, chemical, and biological sciences
and to date has built on accumulated experience. In the context of long-
duration missions, ensuring highly reliable performance of technologies
will depend on two principal means of verification: stress testing and full-
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duration life testing. In the former approach, relevant environmental fac-
tors are made more stressful (e.g., hotter or colder than normal) to permit
evaluation of long-term performance in a short period of time. The “full-
duration” approach is to build the apparatus and operate it within normal
limits for an extended period of time, preferably several times the actual
requirement. (As mentioned previously, in order to achieve a TRL of 7, this
testing should be performed in a relevant environment.) Coupled with fail-
ure analysis and remediation, the full-duration approach gives the greatest
confidence. To accomplish this sort of qualification with advanced life sup-
port systems, accumulated operational experience with such systems or their
immediate predecessors is necessary.4

With regard to the underlying requirements for human health and
performance that drive the operating parameters of advanced human life
support systems, the committee believes that more attention must be paid
to risks related to environmental factors associated with long-term mis-
sions, such as analyses of air and water quality, and factors related to crew
cabin and EVA (e.g., suit, rover) atmospheric composition and pressure.
Current operating parameters are derived from terrestrial standards and
ground- and space-based operational testing environments available to date
(including the ISS).

The committee found neither sufficient analysis of the research re-
quired to fully determine the operational characteristics for advanced life
support system technologies for the Design Reference Missions nor evi-
dence within the BR that justifies the use of terrestrial parameters for these
missions.
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B

Methods

The committee developed this interim report and arrived at conclu-
sions and recommendations regarding the strengths and weak-
nesses of the Bioastronautics Roadmap (BR) during a 13-month

period from April 2004 to May 2005. During this time, the committee
held four data-gathering sessions; made one site visit to the Johnson Space
Center in Houston, Texas; and met in closed session seven times to deliber-
ate. Agendas for the open, data-gathering sessions of these meetings are
included in this appendix.
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INSTITUTE OF MEDICINE
AGENDA

Committee on Aerospace Medicine and Medicine in
Extreme Environments

and
Committee on Review of NASA’s Bioastronautics

Critical Path Roadmap
Keck Building

500 5th Street, NW
Washington, DC

Room 110

Monday, April 12, 2004

CLOSED SESSION
(committee and staff only)

8:00 a.m.–12:00 p.m.

OPEN SESSION

12:00 p.m. Lunch
1:00 p.m. Request for a review of the Bioastronautics Critical

Path Roadmap (BCPR)
Richard Williams, M.D., Chief Health and Medical Officer,
NASA

1:10 p.m. Overview of the Bioastronautics Critical Path Roadmap
NASA presenters: Guy Fogleman, director of bioastronautics
research, Office of Biological and Physical Research; Howard
Ross, acting deputy associate administrator for science,
Office of Biological and Physical Research; Marc Shepanek,
deputy chief, Medicine of Extreme Environments, NASA;
Frank Sulzman, manager, Space Radiation Health Project

1:20 p.m. How the Bioastronautics Critical Path Roadmap
captures the critical risks and key research and
technology issues for risk reduction, management, and
informed decision making
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1:40 p.m. The Bioastronautics Critical Path Roadmap’s method
and expression of risk assessment for medical decision
making and the BCPR communication of these
methods for different mission scenarios

2:20 p.m. Types of risks and impacts of risk as expressed in the
Bioastronautics Critical Path Roadmap

3:00 p.m. Break
3:30 p.m. Categories of critical research issues and metrics used in

the Bioastronautics Critical Path Roadmap
4:10 p.m. Efficiency and technology issues in the Bioastronautics

Critical Path Roadmap
4:50 p.m. Plenary discussion

Led by David Longnecker, M.D.
5:30 p.m. Adjourn to reception and dinner with invited guests

Location: third floor atrium

Tuesday, April 13, 2004

OPEN SESSION

8:00 a.m. Continental breakfast
8:30 a.m. Welcoming remarks

David Longnecker, M.D.
8:45 a.m. Overview of related work by the National Academies
9:00 a.m. Space Studies Board/ASEB
9:30 a.m. CAMMEE
10:00 a.m. Break

CLOSED SESSION
(committee and staff only)

10:15 a.m.–3:30 p.m.
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INSTITUTE OF MEDICINE
AGENDA

Committee on Review of NASA’s Bioastronautics
Critical Path Roadmap

Keck Building
500 5th Street, NW

Washington, DC
Room 204

Wednesday, June 9, 2004

OPEN SESSION

9:00 a.m. Welcome and overview of day’s agenda
David Longnecker, M.D., and Lisa Vandemark, Ph.D.

9:15 a.m. Briefings related to the review of the Bioastronautics
Critical Path Roadmap
NASA presenters: Lauren Leveton, Bioastronautics Science
Management Team, NASA; Holly Patton, Aerospace
Technologist, NASA; David Tomko, Lead Scientist,
Biomedical Program, BASA Bioastronautics Research
Division; Guy Fogleman, Director of Bioastronautics
Research, Office of Biological and Physical Research; Frank
Sulzman, Manager, Space Radiation Health Project

12:00 p.m. Lunch
1:00 p.m. Bone loss and countermeasures: historical perspectives

and new in-flight clinical studies
Jay Shapiro, M.D., Uniformed Services University of the
Health Sciences

2:00 p.m. Harmonization of crew living module and
extravehicular pressure suit atmospheric constituents
and pressures
Bruce McCandless, M.S., M.B.A., Lockheed Martin

3:00 p.m. Break
3:30 p.m. An overview of space biology from cells to humans

David Klaus, Ph.D., University of Colorado, Boulder
4:30 p.m. Plenary discussion

Led by David Longnecker, M.D.
5:30 p.m. Adjourn
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Thursday, June 10, 2004

CLOSED SESSION
(committee and staff only)

8:30 a.m.–3:00 p.m.

INSTITUTE OF MEDICINE
AGENDA

Committee on Review of NASA’s Bioastronautics
Critical Path Roadmap

Keck Building
500 5th Street, NW

Washington, DC
Room 201

Monday, August 2, 2004

OPEN SESSION

9:00 a.m. Welcome, introductions, and overview of day’s agenda
David Longnecker, M.D., and Lisa Vandemark, Ph.D.

9:20 a.m. Briefings related to the review of the Bioastronautics
Critical Path Roadmap
Richard Williams, M.D.

10:30 a.m. Break
11:00 a.m. Briefings related to the review of the Bioastronautics

Critical Path Roadmap
NASA presenters via videoconference from Johnson Space
Center: Guy Fogleman, Director of Bioastronautics Research,
Office of Biological and Physical Research; Marc Shepanek,
Deputy Chief, Medicine of Extreme Environments, NASA;
Desmond Lugg, Chief, Medicine of Extreme Environments,
Office of the Chief  Medical Officer

11:30 a.m. Question-and-answer discussion
David Longnecker, M.D., Moderator

12:00 p.m. Lunch
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1:00 p.m. Advanced life support issues
Brian Dunaway, Boeing Corporation

CLOSED SESSION
(committee and staff only)

2:30 p.m.–5:30 p.m.

Tuesday, August 3, 2004

CLOSED SESSION
(committee and staff only)

8:30 a.m.–3:00 p.m.

INSTITUTE OF MEDICINE
AGENDA

Committee on Review of NASA’s Bioastronautics
Critical Path Roadmap

National Academy of Sciences Building
2101 Constitution Avenue, NW

Washington, DC
Lecture Room

Monday, January 31, 2005

OPEN SESSION

9:00 a.m. Welcome and introductions
David E. Longnecker, M.D., Chair

9:20 a.m. Overview of the day’s agenda
Lisa M. Vandemark, Ph.D., Study Director

9:30 a.m. Guest presentations
Admiral Walter Cantrell, NASA Headquarters; Joseph
Genovese, Hamilton Sunstrand; Joseph Fuller, Futron
Corporation

12:00 p.m. Lunch
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1:00 p.m. Guest presentations
Geoffrey McIntyre, Federal Aviation Administration; Michael
Gernhardt, NASA Johnson Space Center; Alan Feiveson,
NASA Johnson Space Center (via phone conference); William
Stone, Stone Aerospace

3:15 p.m. Break
4:00 p.m. Overview of the new Bioastronautics Roadmap

Lauren Leveton, Ph.D., NASA Headquarters
4:30 p.m. Plenary discussion

Led by David Longnecker, M.D.
5:30 p.m. Adjourn

Tuesday, February 1, 2005

CLOSED SESSION
(committee and staff only)
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C

Status of Countermeasure and
Technology Readiness Levels

Appendix C lists the 183 projected deliverables from NASA’s Bioastro-
nautics Roadmap (BR). The developmental status for countermeasure
readiness level (CRL) and technology readiness level (TRL) are shown for
each deliverable. Dotted lines depict the range of CRL or TRL values when
a range is projected. Deliverables marked as unknown were unclassified
with respect to CRL & TRL at the time of BR release.
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D

Bone Fracture Risk Associated with
Prolonged Exposure to Microgravity

The incorporation of evidenced-based data into risk assessment is
necessary to ensure that the Bioastronautics Roadmap (BR) evolves
and remains current. Bone loss is a major risk that has been the

focus of considerable research and countermeasure development at the Na-
tional Aeronautics and Space Administration (NASA). However, the lack
of evidence-based data for estimating the fracture risk associated with pro-
longed exposure to microgravity is a deficiency that compromises the as-
sessment of countermeasure effectiveness. This is evident when one at-
tempts to apply existing data to the following BR risk areas: (1) fracture risk
assessment during prolonged microgravity exposure combined with a pe-
riod of reduced-gravity exposure (e.g., during Mars exploration) and (2)
fracture risk that is age-related due to early-onset osteoporosis as a conse-
quence of bone loss following microgravity or reduced-gravity exposure.

Evidence-based data relating dual energy X-ray absorptiometry (DXA)
bone density measurements to fracture risk do not exist for populations of
men or women in the age range 35–50 years. Data do relate bone density
measured by DXA to fracture risk, but for older, less physically fit popula-
tions. The World Health Organization (WHO) has defined “osteoporosis”
as bone mineral density (BMD) greater than –2.5 standard deviations (SD)
below age of peak bone density in white women (WHO, 1994). Fracture
risk was estimated to increase 2.5-fold for each SD below adult peak bone
density. However, data for men and non-white women were not included.

Melton et al. (1998) presented age-adjusted odds ratios for osteoporotic
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fracture per 1 SD decrease in BMD or in bone mineral apparent density
(BMAD), by skeletal site, for individuals in Rochester, Minnesota. Men
were 22–90 years of age (n = 348) and women were 21–98 years of age
(n = 351). Per 1 SD decrease in BMD at total hip, for 29- to 49-year-old
men, odds ratios were 1.38, 1.12, and 1.17 for total hip, femoral neck, and
anterior–posterior (AP) spine scans, respectively, and 1.45 for total wrist.
For women ages 20–49 years, odds ratios were 2.44, 1.72, and 1.59 for
total hip, femoral neck, and AP spine scans, respectively, and 1.56 for total
wrist. It is noted that unlike the astronaut crew, the baseline fracture rate
was relatively increased in this community-based population. For men, to-
tal hip BMD was 1.061–0.140 g/cm2, and for premenopausal women,
mean total hip BMD was 0.941–0.124 g/cm2. After adjusting for age, total
hip BMD was the best predictor of fracture risk in women. In men, BMD
at the wrist was the stronger predictor of fracture risk. This experience
should be compared to existing data on baseline BMD and bone loss in the
astronaut population.

It is widely appreciated that an assessment of fracture risk based solely
on DXA BMD measurement is inadequate. Susceptibility to fracture at any
level of bone mass is determined by bone density measurement and by the
structural integrity of bone, which cannot be measured accurately with
existing technology. The application of engineering principles to derive in-
direct assessments of bone strength—bone section modulus and buckling
ratio (Beck et al., 2001; Kaptoge et al., 2003; Melton et al., 2005)—repre-
sents an advance in the field. Quantitative computed tomographic (QCT)–
derived measurements of bone density and bone geometry in 14 astronauts
after four to six months on the International Space Station (ISS) indicated
a decline in bone density and parameters of bone strength (i.e., strength
index, compressive strength indexes) in proximal hip and vertebral body
(Lang et al., 2004). Consistent with earlier DXA studies involving Mir
cosmonauts, bone was lost at rates of 0.8–0.9 percent per month at the
spine and 1.2–1.5 percent per month at the hip. Although both cortical
and trabecular bone declined, the percent loss in trabecular bone was great-
est in the hip: proximal femur, 2.2–2.7 percent per month. As noted above,
Lang et al. pointed out that the various bone strength indexes have not
been validated as predictors of fracture risk and that the number of ISS
subjects was small. Although presenting data were derived by a sensitive
technique—volumetric QCT—it is likely that more accurate data relating
bone loss to strength parameters will be derived in the near future from
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methods such as high-resolution anisotopic ultrasound or micromagnetic
resonance imaging.

Thus, current estimates of fracture risk applied to space flight are inad-
equate for the following reasons:

• They are based on DXA data derived from older populations; these
data could be applied to the older astronaut population but are not ad-
equate for younger populations.

• Existing DXA data do not adequately address the problem of site
specificity for bone strength, which is significant for estimating flight-
related fracture risk.

• The contribution of prolonged residence in a reduced-gravity envi-
ronment to either lessening bone loss or promoting bone formation imme-
diately following extended microgravity exposure during transit cannot be
assessed at this time.

• The added impact of a return flight from Mars on site-specific bone
loss and fracture risk or the individual ability to regain bone mass at 1 × g
(as the astronaut ages) cannot be determined.

An evidenced-based assessment of bone loss and fracture risk (BR Risk
1, impaired fracture healing, and BR Risk 2, injury to joints and interverte-
bral discs) should be made using a multivariate analysis of existing flight-
derived data on bone density and individual-specific characteristics that
contribute to bone strength. The above risks are important during flight
because of slow or poorly healing fractures in a microgravity environment
and the need to anticipate these problems for medical care during flight. In
addition, these risks are important because of back pain due to changes in
intervertebral discs and the possibility of damage even after return from
flight. As an example, factors for which evidence-based data can be ob-
tained include the following:

• Age: susceptibility to fracture increases with increasing age.
• Prior history of fracture: prior fracture increases risk for future

fracture.
• Family history of multiple fractures.
• Gender: men may fracture at greater BMD values than women (site

specificity has not been determined, and the observation is limited in the
numbers surveyed).

• Initial BMD: fracture rate increases as DXA BMD decreases.
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• Return to baseline following successive flights as an indication of
the resilience of bone-forming systems: failure to regain baseline BMD
would presumably increase fracture risk when repeated microgravity expo-
sure is experienced.

• Nutritional factors during and post-flight: maintenance of bone
mass would be altered with prolonged negative intake of mineral and pro-
tein dietary components.

• Impact of exercise activity during and after flight: compliance with
exercise and the effectiveness of specific exercise programs during and after
flight impact bone mass.

• Rate and extent of bone loss on prior flights: there are no evidence-
based data related to fracture risk for this factor.

• Alterations in structural and geometric parameters that could have
iterative effects on bone strength occurring during successive flights.

• Duration of microgravity or reduced-gravity exposure: it has been
demonstrated that six-month microgravity exposure reduces bone mass in
most astronauts; however major fractures have not been reported, nor has
the occurrence of stress fractures following return to 1g.

• Fracture risk assessment during and following extended micro-
gravity exposure requires the utilization of existing astronaut data as well
as the expansion of current methods for measuring bone mass and bone
strength.

The dearth of data related to the microgravity environment encoun-
tered during extended-duration space flight suggests a need for increased
research to support evidence-based decision making regarding these
subjects.
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E
Integration of Data-Based Evidence and

Expert Opinion in Decision Making

BAYESIAN UPDATING

In certain cases, it may be necessary to update research data with new
findings and with stakeholder opinions (where stakeholders are de-
fined to be mission specialists, National Aeronautics and Space Ad-

ministration [NASA] directors, managers, and flight surgeons). Bayesian
updating may be one strategy for integrating stakeholder opinions with
data from research studies. Such a strategy can accommodate contrasting
points of view from stakeholders expressed in a subjective manner. It is
necessary that the data from different research studies measure the same
underlying factor (e.g., diastolic blood pressure, depression) on the same
scale (e.g., millimeters of mercury for blood pressure, Hamilton scale for
depression).

This updating strategy consists of the following steps: (1) selection of a
sample of stakeholders; (2) elicitation of probability information from these
stakeholders; (3) translation of this information to statistical distributions,
called “prior” distributions, for each contrasting view of the stakeholders;
(4) assignment of an “importance” weight to each of these prior distribu-
tions for each of the contrasting views; (5) with these importance weights,
derivation of a “summary prior” distribution by taking a weighted combi-
nation of the contrasting prior distributions; (6) derivation of a “summary
likelihood” pooling all study datasets while accounting for the varying vari-
ability and sample sizes across the study datasets; (7) derivation of a “sum-
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mary posterior” distribution from the summary prior distribution and sum-
mary likelihood; (8) choosing a utility function to incorporate costs and
stakeholders’ sensitivity to such costs; and (9) decisions based on regrets or
opportunity costs in cost–benefit or risk–benefit models by weighing out-
come information from summary posterior distribution (e.g., mean differ-
ences, risk differences, risk ratios, odds ratios, and interactions involving
these effects) against utility functions. Each of these steps is described in
more detail below.

• Steps 1–2. Selection of a sample of stakeholders and elicitation of prob-
ability information from these stakeholders: The selection process should at
least be comprehensive, maximizing the number of contrasting points of
view, if the process is not random. Stakeholders’ prior opinions will be
elicited with questionnaires. In these questionnaires, stakeholders will be
asked to provide ranges of probabilities of confidence in positive and nega-
tive results. The design of the questionnaire will be selected from several
different designs available in the research literature. Chaloner and Rhame
(2001) presented an interactive approach based on iterative elicitation from
physicians enhanced by real-time iterative and graphical feedback to the
physicians of their quantified opinions. Parmar et al. (1994, 2001) and
Spiegelhalter et al. (1994) presented a questionnaire for eliciting prior dis-
tributions in a pair of large randomized trials conducted as part of the
British Medical Research Council Cancer Trials. In a hepatocellular carci-
noma clinical trial, Tan et al. (2003) also used such a questionnaire to elicit
prior information on the equivalence between surgery with adjuvant
therapy versus surgery alone on recurrence-free survival. Alternatively, a
series of individual description formats have been developed by Vennix et
al. (1994). These individual questionnaire formats focus on the different
phases proposed by for elicitation: (1) the positioning phase, which defines
the context of the information; (2) the description phase, which guides
stakeholders through four aspects of description (visual, verbal, textual, and
graphic); and (3) the discussion phase, in which the individual descriptions
from phase 2 are examined and compared.

• Step 3. Translation of this information to prior distributions: Indi-
vidual histograms representing the prior beliefs of each investigator can be
constructed from the relative probability values that stakeholders may be
asked to provide in Step 2. Following Spiegelhalter et al. (1994), these
probability values may be summarized across stakeholders with similar
opinions to then construct “overall histograms”and “skeptical histograms.”
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These histograms will represent the overall (or clinical) and skeptical (or
cautious) prior distributions associated with the stakeholders’ views of the
problem. A skeptical prior distribution corresponds to the beliefs of indi-
viduals who are reluctant to accept alternative hypotheses of interest to the
investigators. The resulting histograms can be transformed to the scale on
which research data have been collected (Tan et al., 2003).

• Steps 4–7. Determination of multivariate prior distributions from mul-
tiple stakeholders, estimation of summary likelihoods from multiple datasets,
resulting in a derivation of a summary posterior distribution: Such a proce-
dure is based on Bayes’ rule and entails intractable integration resulting in
simulation-based integration (e.g., Markov Chain Monte Carlo), which
many commercially available software packages now offer (Spiegelhalter et
al., 1994).

• Steps 8. Choosing a utility function to incorporate costs and stakehold-
ers’ sensitivity to such costs: Such functions involve determining costs from
implementing mitigation strategies and reduced costs from preventing
problem outcomes (Pliskin et al., 1980; Berger, 1985; Lindley, 1985; Gold
et al., 1996). Sensitivity analysis of the overall procedure outlined here in-
cludes varying such cost estimates (Matchar and Samsa, 1999; Matchar et
al., 1997).

• Step 9. Decisions based on regrets or opportunity costs from weighing
information on outcomes under mitigation strategies against outcomes under
the absence of mitigation strategies: Regrets are based on loss functions as
contrasts between decisions that lead to optimal utility benefits and the
utility benefits based on observed or predicted data. The expected loss func-
tions allow the incorporation of research data and previous opinions of
stakeholders by integrating utility functions for the optimal and observed
decisions with respect to the summary posterior distributions (Berger, 1985:
Lindley, 1985). For complex sequences of branching decisions based on
outcomes of previous decisions, backward induction algorithms may be
used (Bellman, 1957).

Overall, such decision processes present a complex web of different
statistical procedures, research datasets, and opinions by stakeholders. This
complex web is sensitive to selected procedures and corresponding assump-
tions; thus, this sensitivity is assessed by varying assumptions and opera-
tional procedures (Matchar and Samsa, 1999). Varying assumptions, pro-
cedures, and information used for forming utility functions and prior
distribution may be done formally with quantified ranges of possible values
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and model-averaging techniques or informally by choosing plausible values
of model and prior distribution parameters (Spiegelhalter et al., 1994).
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JAMES P. BAGIAN, M.D., P.E., is the director, Department of Veterans
Affairs National Center for Patient Safety. From 1980 to 1995, Dr. Bagian
served as a NASA astronaut. He is a veteran of two shuttle missions, in-
cluding the first dedicated Space and Life Sciences Spacelab mission. He
was also a lead investigator for both the Challenger and Columbia acci-
dents. Dr. Bagian focuses on applications in aerospace systems, notably
crew survival and physiological adaptation issues that impact aviation and
space flight operations, as well as environmental technology. He has also
developed and implemented, on national and international bases, systems-
based solutions to improve patient safety. Dr. Bagian is a member of IOM
and NAE and has served on or chaired numerous committees of the Na-
tional Academies.

ELIZABETH R. CANTWELL, Ph.D., is the deputy division leader for
science and technology in the International, Space and Response Division
at Los Alamos National Laboratory. Until June 2005, she served as the
section leader for the Micro and Nanotechnology Center, Lawrence
Livermore’s engineering research center for fabricating small sensors and
devices. She earned an undergraduate degree in psychology from the Uni-
versity of Chicago and an M.S. and a Ph.D. in mechanical engineering
from the University of California at Berkeley. She also holds an MBA from
the University of Pennsylvania’s Wharton School of Business. Dr. Cantwell
began her career building life support systems for manned space missions
with the National Aeronautics and Space Administration (NASA) and was
a member of the NRC Committee on Advanced Technology for Human
Support in Space (1996–1997). She is currently a member of the IOM
Committee on NASA’s Bioastronautics Critical Path Roadmap.

VALERIE GAWRON, Ph.D., is a technology fellow at General Dynamics
in Buffalo, New York. Dr. Gawron received a Ph.D. in engineering psy-
chology from the University of Illinois and master’s degrees in experimental
psychology, industrial engineering, and business administration from the
State University of New York. She is a fellow of the Human Factors and
Ergonomics Society and an associate fellow of the American Institute of
Aeronautics and Astronautics, with previous NRC service. She was a mem-
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ber of the Air Force Scientific Advisory Board and is now a member of the
Army Science Board. Currently, her research focuses on the cognitive and
environmental effects of human performance, with a specialization in situ-
ational awareness, workload testing, and evaluation. She is also the chair of
the Science and Technology Working Group of NASA’s Space–Human Fac-
tors Engineering Group.

CHRISTOPHER A. HART, J.D., is assistant administrator for system
safety at the FAA. Mr. Hart holds a B.A. and an M.A. in aerospace and
mechanical science from Princeton University. He also earned his Juris
Doctor from Harvard Law School. He holds a commercial pilot’s license
with multi-engine and instrument ratings as well. Mr. Hart served as a
member of the National Transportation Safety Board (1990–1993), where
he had specialized interests in human factors and the impact of automation
on transportation systems. He was nominated for this committee because
of his expertise in the technical aspects of risk assessment and decision
making, and his familiarity with aerospace technology.

CHARLES E. LAND, Ph.D., is a senior investigator with the National
Cancer Institute (NCI). He received his Ph.D. in statistics from the Uni-
versity of Chicago, studied risk of radiation-related cancer at the Atomic
Bomb Casualty Commission and the Radiation Effects Research Founda-
tion in Hiroshima, Japan, and taught statistics at Oregon State University
before joining the NCI in 1975. His interests center on quantification of
radiation-related cancer risk based on epidemiological studies of exposed
populations, the role of uncertain assumptions needed to obtain such esti-
mates, and the public policy implications of uncertainty in estimated risk,
especially as it bears on risks at low doses. Dr. Land has served on expert
committees of the National Academy of Sciences, the National Council on
Radiological Protection and Measurements, the International Commission
on Radiological Protection, and other organizations. He is a fellow of the
American Statistical Association. Dr. Land was nominated for this commit-
tee because of his expertise in the statistical analysis of cancer risk from
radiation exposure.

DANIEL R. MASYS, M.D., is professor and chair of the Department of
Biomedical Informatics, and professor of medicine at the Vanderbilt Uni-
versity School of Medicine. Previously he served as director of biomedical
informatics and professor of medicine at the University of California, San
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Diego School of Medicine. An honors graduate of Princeton University
and the Ohio State University College of Medicine, he completed post-
graduate training in internal medicine, hematology, and medical oncology
at the University of California, San Diego and the Naval Regional Medical
Center, San Diego. Previously, he served as chief of the International Can-
cer Research Data Bank of the National Cancer Institute, National Insti-
tutes of Health, and from 1986 through 1994 was director of the Lister
Hill National Center for Biomedical Communications. In this capacity,
Dr. Masys served as the chief program architect and first director of the
National Center for Biotechnology Information (NCBI) that was estab-
lished within the National Library of Medicine in 1987 to support molecu-
lar databases and computational tools. Dr. Masys is a diplomate of the
American Board of Internal Medicine in medicine, hematology, and medi-
cal oncology. He is a fellow of the American College of Physicians, a fellow
of the American College of Medical Informatics, and a member of the
Institute of Medicine. He has served as a consultant to the NASA Life
Science Informatics program and is an active instrument-rated pilot.

BRUCE M. MCCANDLESS II, M.B.A., is a veteran astronaut, having
served in that capacity for 24 years, and made two flights in the Space
Shuttle. He performed two EVAs or “space walks,” making the first solo
flights in the Manned Maneuvering Unit. He is an experienced SCUBA
diver and has been involved in numerous hypobaric activities within NASA.
He is currently an aerospace engineer and Principal Research Scientist
within the Civil Space product area of Lockheed Martin Space Systems
Company in Denver, Colorado. Mr. McCandless has directed several space
technology risk assessment efforts, including the first phase of the Jupiter
Icy Moons Orbiter nuclear-fission powered spacecraft studies. He was
nominated for appointment to this committee because of his wide range of
expertise in analyzing and managing risk associated with failure of human
support technology systems in space.

TOM S. NEUMAN, M.D., is professor of medicine and surgery, director
of the Hyperbaric Medicine Center, associate director of the Department
of Emergency Medicine, and attending physician, Emergency Department
at the University of California, San Diego Medical Center. A graduate of
Cornell University, he received his M.D. from the New York University
School of Medicine in 1971, followed by internship and residency in in-
ternal medicine at Bellevue Hospital. Dr. Neuman is board certified in
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internal medicine, pulmonary disease, occupational medicine, undersea
and hyperbaric medicine, and emergency medicine. He is a fellow of the
American College of Physicians and the American College of Preventive
Medicine. Dr. Neuman has been a leader in the field of the physiology and
medicine of diving throughout his career. He previously served on two
IOM committees, which published the following reports: Review of NASA’s
Longitudinal Study of Astronaut Health and Safe Passage: Astronaut Care for
Exploration Missions. He was nominated for this committee
for his knowledge of undersea and hyperbaric medicine and related occu-
pation health risks.

THOMAS F. OLTMANNS, Ph.D., is the Edgar James Swift Professor of
Arts and Sciences in the Department of Psychology at Washington Univer-
sity in St. Louis, Missouri. He previously served as professor of psychology
and psychiatric medicine and director of clinical training in psychology at
the University of Virginia. He has also served as professor of psychology at
Indiana University. Dr. Oltmanns received his undergraduate degree from
the University of Wisconsin–Madison and his Ph.D. at the State University
of New York at Stony Brook. He has authored 5 books and more than 70
journal articles. Dr. Oltmanns is past president of the Society for a Science
of Clinical Psychology and is a consulting editor for the Journal of Abnor-
mal Psychology and a member of the editorial boards of Psychological Bulle-
tin and Journal of Personality Disorders. His research has been supported by
numerous grants, and he is currently co-principal investigator on a large
grant looking at peer assessment of personality traits and pathology. He has
served on two different grant review committees for the National Institute
of Mental Health and is a member of NASA’s Astronaut Selection Psychiat-
ric Standards Working Group.

LAWRENCE A. PALINKAS, Ph.D., is a professor in the School of Social
Work at the University of Southern California. Dr. Palinkas serves as the
deputy chief officer of the Life Sciences Standing Scientific Committee of
the Scientific Committee on Antarctic Research (SCAR). He has more than
15 years of experience in studying behavioral adaptation in the Antarctic.
He has also been active in translating Antarctic research for use in develop-
ing effective countermeasures to long-duration missions in space. Dr.
Palinkas served as a member of the National Academy of Science’s Com-
mittee on Space Biology and Medicine from 1997–2000. In 1997–1998,
he served as chair of the Behavior and Performance Panel and principal
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author of the chapter on Behavior and Performance in the committee’s
1998 report A Strategy for Research in Space Biology and Medicine in the New
Century (National Academy Press). He also reviewed NASA’s current re-
search efforts in behavior and performance in the committee’s 2000 report
Review of NASA’s Biomedical Research Program (National Academy Press).
He currently serves as chair of the External Advisory Council of the Na-
tional Space Biomedical Research Institute (NSBRI) and as a member of
the Behavior and Performance Integrated Product Team at NASA’s Johnson
Space Center.

JAMES PAWELCZYK, Ph.D., is an associate professor of kinesiology,
physiology, and medicine at the Pennsylvania State University. He was a
payload specialist on the STS-90 (Neurolab) mission, which flew in 1998
with a focus on neuroscience. Dr. Pawelczyk was a member of NASA’s Life
Sciences Advisory Subcommittee, Office of Biological and Physical Re-
search, 1998–2002, and a member of ReMaP Task Force, 2002, which was
charged with establishing priorities for research on the International Space
Station. He has received NASA funding as an individual principal investi-
gator and a project leader on center grants and contracts (including inter-
national collaboration) since 1993. Dr. Pawelczyk’s research areas include
central neural control of the cardiovascular system and compensatory
mechanisms to conditioning and deconditioning. He was nominated for
this committee because of his familiarity with NASA and space flight, as
well as for his medical expertise in the effects of space travel on human
systems.

BRUCE S. RABIN, M.D., Ph.D., is a professor of pathology and psy-
chiatry at the University of Pittsburgh Medical Center, medical director of
the Clinical Immunopathology Laboratory, and medical director of the
Healthy Lifestyle Program. His research areas of interest and capability are
in the interrelationship between stress, immune function, and health.
These are critical to several concerns of the Bioastronautics Critical
Roadmap. Dr. Rabin is past president of the Psychoneuroimmunology
Research Society. He has served on a number of government panels to
promote research in mind–body interactions. Dr. Rabin was nominated
for this committee because of his interdisciplinary research into the effects
of stress on human body systems, including several disciplines germane to
this study such as immunology and human behavior changes.
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KARLENE ROBERTS, Ph.D., is a professor in the Haas School of Busi-
ness of the University of California, Berkeley and a research psychologist at
Berkeley’s Institute of Industrial Relations. Dr. Roberts has expertise in the
design and management of organizations and systems of organizations in
which errors can have catastrophic consequences. The results of her re-
search have been applied to programs in numerous organizations including
the U.S. Navy and Coast Guard, the Federal Aviation’s Air Traffic Control
System, NASA, and the medical industry. Dr. Roberts has published on a
wide range of organizational risk management issues. She is a fellow in the
American Psychological Association, the American Psychological Society,
and the Academy of Management. Dr. Roberts was nominated for this
committee because of her expertise in human psychology and behavior and
organization risk management strategies.

CAROL E. H. SCOTT-CONNER, M.D., Ph.D., is professor, Depart-
ment of Surgery, University of Iowa, Iowa City. Dr. Scott-Conner received
her M.D. from the New York University School of Medicine in 1976 and
stayed at NYU for her surgical residency, which she completed in 1981.
After leaving NYU, she joined the faculty at Marshall University and then
moved to the University of Mississippi. During her tenure there she earned
a Ph.D. in anatomy from the University of Kentucky and an M.B.A. Since
1995, she has been professor and head of surgery at the University of Iowa.
Dr. Scott-Conner has been active on 22 editorial boards, and has authored
more than 200 original papers, abstracts, reviews, and book chapters. She
holds memberships in many elected surgical societies and has frequently
served in leadership positions. She previously served as a member of the
IOM Committee on Space Medicine. Dr. Scott-Conner was nominated to
this committee because of her broad expertise in clinical care related to
astronaut health and risk issues.

RHEA SEDDON, M.D., is the assistant chief medical officer for the
Vanderbilt Medical Group in Nashville, Tennessee, where she has worked
extensively on patient safety and quality improvement. A former three-
flight veteran astronaut for NASA, she logged more than 722 hours in
space. She was a mission specialist on STS-51D and STS-40 and was the
payload commander on STS-58. Dr. Seddon also served in several other
capacities at NASA, namely as technical assistant to the director of flight
crew operations and special adviser for Shuttle/Mir scientific payloads and
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as a member of NASA’s Aerospace Medical Advisory Committee and the
International Bioethics Task Force. After earning a B.A. in physiology at
the University of California at Berkeley and an M.D. from the University
of Tennessee, Dr. Seddon went on to complete an internship and residency
in general surgery in Memphis. She was nominated to this committee be-
cause of her familiarity with NASA and manned space flight and her clini-
cal background in patient care.

JAY R. SHAPIRO, M.D., professor, Department of Physical Medicine
and Rehabilitation, Johns Hopkins University, formerly served as director
of the Interdepartmental Center for Space Medicine, Uniformed Services
University and is currently director of the Osteogenesis Imperfecta Clinic
at the Kennedy-Krieger Institute. Dr. Shapiro also served as team lead for
bone, National Space Biomedical Research Institute. Dr. Shapiro has many
years of direct experience with NASA research and clinical countermea-
sures related to bone and muscle loss in a microgravity environment. He is
nominated for this committee because of his historical perspective on NASA
risk management of bone loss and his expertise in a wide range of clinical
countermeasures, including the application of in-flight drug trials related
to bone loss.

THOMAS TEN HAVE, Ph.D., is professor of biostatistics with training
in biostatistics at the University of Michigan (B.A. in statistics, M.P.H. and
Ph.D. in biostatistics). He has statistical research interests in categorical
data analysis, random effects models, informative dropout, treatment non-
adherence, and designs and statistical analyses to accommodate patient pref-
erences and adaptive treatment regimes. This methods research melds with
his collaborations in psychiatry, family medicine, addiction research, and
disparities research, with a focus on multi-site randomized and observa-
tional studies. Dr. Ten Have’s research is facilitated by his roles as the prin-
cipal investigator of National Institute of Mental Health (NIMH)-funded
R01 and T32 training grants and the director of the Biostatistics-Data Core
and co-investigator of the NIMH-sponsored Advanced Center for Inter-
vention Services Research (ACISR) for Depression in the Aged. Finally, Dr.
Ten Have is strongly committed to affirmative action in the recruitment of
students, faculty members, investigators, study participants, and research
topics. Among his contributions to the profession, Dr. Ten Have is a fellow
of the American Statistical Association and associate editor of Biometrics.
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IOM COMMITTEE STAFF

RICARDO A. MOLINS, Ph.D., is a senior program officer. Since joining
the IOM in 1999, he has been the study director of the Food Chemicals
Codex with the Food and Nutrition Board. He has been study director also
for various studies dealing with food safety, including the landmark study
on Scientific Criteria to Ensure Safe Food, and with the development of
specifications for high-energy, nutrient-dense, emergency relief rations. He
has also contributed to the work of the Roundtable on Environmental
Health Sciences, Research, and Medicine with the Board on Health Sci-
ences Policy. Dr. Molins received his Ph.D. in food science from Iowa State
University, where he was later assistant and associate professor of food mi-
crobiology. He has worked on agro-industrial development for the United
Nations Industrial Development Organization in Central America and for
the Joint Division of the Food and Agriculture Organization of the United
Nations/International Atomic Energy Agency, based in Austria, on food
irradiation and food safety projects and research programs in Asia, Africa,
the Middle East, and Latin America. He is the author of 46 scientific pa-
pers, 3 books, and numerous abstracts and has offered conferences on food
safety in 24 countries.

ANDREW M. POPE, Ph.D., is director of the Board on Health Sciences
Policy in the Institute of Medicine. With a Ph.D. in physiology and bio-
chemistry, his primary interests are in science policy, biomedical ethics, and
the environmental and occupational influences on human health. During
his tenure at the National Academies and since 1989 at the Institute of
Medicine, Dr. Pope has directed numerous studies on topics that range
from injury control, disability prevention, and biologic markers, to the pro-
tection of human subjects of research, NIH priority-setting processes, or-
gan procurement and transplantation policy, and the role of science and
technology in countering terrorism. Dr. Pope is the recipient of the NAS
President’s Special Achievement Award and the IOM’s Cecil Award.

JUDITH L. ESTEP is a senior program assistant at the Institute of Medi-
cine. She has worked at The National Academies/Institute of Medicine
since 1986 and has provided administrative support for more than 35 pub-
lished reports.
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BENJAMIN HAMLIN received his bachelor’s degree in biology from the
College of Wooster in 1993 and a degree in health sciences from the Uni-
versity of Akron in 1996. He then worked as a surgeon’s assistant in the
fields of vascular, thoracic, and general surgery for several years before join-
ing the National Academies in 2000. As a research assistant for the Division
on Earth and Life Studies at the National Academies, Mr. Hamlin worked
with the Board on Radiation Effects Research on projects studying the
health effects of ionizing and non-ionizing radiations on the human body.
He was also involved with the U.S. Bangladesh Advisory Council, an orga-
nization that promotes governmental cooperation between the United
States and Bangladesh on matters of trade and health care. He served as a
research assistant with the Board on Health Sciences Policy at the Institute
of Medicine through April 2004.

ERIN MCCARVILLE joined the National Academies in 2003 as a project
assistant for the Committee on Science, Engineering and Public Policy. She
worked as the senior project assistant for the NASA project through July
2005. Ms. McCarville received her bachelor’s degree in biology and public
policy from Pomona College in Los Angeles, California. Before working at
the academies, she conducted research on rural environmental health for
the Center for Community Action and Environmental Justice in Los Ange-
les. She also worked as a teaching and research assistant for Pomona
College’s Animal Physiology Department, as a plant biology researcher for
the Chicago Botanic Gardens, and as an intern for Senator Barbara Boxer.

VILIJA TEEL works as the senior project assistant for the Board on Health
Sciences Policy. She joined the Bioastronautics Roadmap project in July
2005. Ms. Teel also provides support to the Committee on Ethical Consid-
erations for Revisions to DHHS Regulations for Protection of Prisoners
Involved in Research. Prior to joining IOM, she worked as a program assis-
tant for research, evaluation and development in the School of Language
Studies within the Foreign Service Institute. Ms. Teel earned a B.A. in En-
glish/linguistics from Vilnius University, Lithuania. In addition to English,
she has a good grasp of many other languages.

LISA M. VANDEMARK, Ph.D., worked as a senior program officer for
the NASA project until May 2005. Her work focused on helping NASA
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understand the risk associated with manned space flight. As a geographer,
she acted as consultant on education, training, and capacity building to the
Committee on Earth Observation Satellites (CEOS). She has a Ph.D. in
geography from Rutgers University. Prior to joining the staff of the IOM,
Dr. Vandemark was a staff officer at the Board on Earth Sciences and Re-
sources of the National Research Council and a research associate at Rutgers
University.

MELVIN H. WORTH, Jr., M.D., is a scholar-in-residence at the Institute
of Medicine. Dr. Worth completed his surgery residency at New York
University–Bellevue in 1961 and remained on that faculty for 18 years. He
founded the Bellevue Trauma Service in 1966 and continued as director
until 1979, when he left to become director of surgery at Staten Island
University Hospital. He served for 15 years with the New York State Office
of Professional Medical Conduct and 8 years as a member of the New York
State Hospital Review and Planning Council (for which he was chair in
1993). He is a fellow of the American College of Surgeons, the American
College of Gastroenterology, and the International Society for Surgery and
holds memberships in the American Association for the Surgery of Trauma,
the Society for Critical Care Medicine, the Association for Academic Sur-
gery, the New York Surgical Society (of which he was president in 1979),
and other academic and professional organizations. Dr. Worth retains his
appointments at New York University and the Uniformed Services Univer-
sity of the Health Sciences and has served as a clinical professor of surgery
at SUNY–Downstate Medical Center. He has served on two editorial boards
and has authored one textbook and 60 original articles. Dr. Worth has
participated in IOM studies on Fluid Resuscitation for Combat Casualties
as senior adviser to the Committee on Creating a Vision for Space Medi-
cine During Travel Beyond Earth Orbit and the Longitudinal  Study  of
Astronaut  Health.
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Index

A

Acceptable risk, determination of, 67
Actuarial data, using to estimate

likelihood of intrinsic health
alterations, 2, 11, 15, 49–50

Advanced human life support, the case
of, 82–83

Advanced Human Support Technologies,
10, 82

Agency for Healthcare Research and
Quality (AHRQ), 62

National Guideline Clearinghouse, 62
AHRQ. See Agency for Healthcare

Research and Quality
Airway management, operational issues

in, 52
Analog environments, 32
Anion exchange resin filtration, 29
Apollo program, 73
Appetite, lack of, 38
Approximate reasoning, 63
Astronaut Office, 11, 42, 61, 64–65
Autonomous medical care, 51–54

biological issues, 51
health care delivery issues, 51
operational issues, 51

B

Bayesian sequential trials approach, 79,
122

using to address the small sample size,
13, 15, 78–80

Bayesian updating, 8, 13, 69, 120–
123

BCPR. See Bioastronautics Critical Path
Roadmap

Behavioral health and performance,
priority of, 65

Behavioral health risks
addressing issues of human sexuality

in long-duration missions, 2
grouping into categories based on

clinical outcomes, 2, 11, 15, 42–
44

mitigation plans for, 32
reclassification of, 41–44

Behavioral interventions, for mental
disorders, 44

Behavioral research support, conducting
periodic assessment of additional
risks from lack of resources and
using this to make decisions
about, 13, 15, 75–78
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Bioastronautics Critical Path Roadmap
(BCPR), 17, 66

Bioastronautics Roadmap (BR)
current printed and on-line versions

of, 63, 68
as a dynamic and current database, 2,

9, 14, 68–70
hyperlinks in “Important References”

section, 68
overall assessment of, 23–24
Risk Rating Categories and Priority

Definitions, 20
updating and maintaining, 24

Bioastronautics Roadmap (BR) content,
25–59

creating the cross-cutting category
“Food and Nutrition,” 37–40

creating the cross-cutting category
“Human Systems Integration,”
35–37

fusing the relationships between
human factors and technology in,
34–40

overarching issues, 26–34
specific issues, 40–54

Bioastronautics Roadmap (BR) context,
73–85

addressing the challenges posed by
the small sample size, 78–80

analysis and prioritization to meet the
launch schedule, 75–78

the case of advanced human life
support, 82–83

efficiency and technology issues, 80–
82

organizational characteristics and risk,
73–75

Bioastronautics Roadmap (BR) process,
60–72

determination of acceptable risk, 67
Independent Health and Medical

Authority, 70–71
keeping the BR current, 69–70
risk assessment, 60–66
risk communication, 68–69

Bioastronautics Science Management
Team (BSMT), 19, 61, 64–65

Biological issues, for autonomous
medical care and self-care, 51

Bleeding control, operational issues in,
52

BMAD. See Bone mineral apparent
density

BMD. See Bone mineral density
Bone fracture risk, associated with

prolonged exposure to
microgravity, 115–119

Bone loss
countermeasures to, 32
priority of, 65

Bone mineral apparent density (BMAD),
116

Bone mineral density (BMD), 115–116
BR. See Bioastronautics Roadmap
British Medical Research Council Cancer

Trials, 121
BSMT. See Bioastronautics Science

Management Team
Bush, George W., 20, 22

C

CAIB. See Columbia Accident
Investigation Board

Cardiopulmonary resuscitation (CPR),
operational issues in, 52

Central nervous system (CNS)
impairment, 6, 46–47, 49

CEV. See Crew Exploration Vehicle
Challenger Space Shuttle, 73–74
Chief Engineer, 70
Circadian rhythm, problems with,

41
Clinically acute problems, 53
CNS. See Central nervous system

impairment
Cochrane Collaboration, 62
Cognitive therapy, brief forms of, 43
Columbia Accident Investigation Board

(CAIB), 70, 74
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Columbia Space Shuttle, 73
Committee on Aerospace Medicine and

Medicine in Extreme
Environments, 90

Committee on Review of NASA’s
Bioastronautics Roadmap, 4, 90–
95

charge to, 21–22
Content

recommendations on overarching
issues in the BR, 14

recommendations on specific issues in
the BR, 11–12, 15

Context, recommendations on specific
issues in the BR, 12–15

Continuous Risk Management Program,
8, 67–69

Coping skills, 37
affecting others’ work productivity,

29
Cost–utility analysis, 52
Countermeasure Readiness Level (CRL),

6, 29–31
status of, 51, 97–114

Countermeasures, 29
accelerating development of, 1, 6, 14,

29–34, 115
cost-effective, 61
for mental disorders, 43

CPR. See Cardiopulmonary resuscitation
Crew Exploration Vehicle (CEV), 76
Crew selection criteria, validating current

and future, 2, 11, 15, 41–42
Crews

cognitive capabilities not matching
task demands, 41

increased task performance
expectations, 35

international, increasing complexity
of health care delivery, 54

morale of, 38
CRL. See Countermeasure Readiness

Level
Cross-cutting categories, 2, 10, 35–40
Cultural preferences and expectations, 40

D

Data-based evidence, in decision making,
8, 120–123

Decision making, integration of data-
based evidence and expert opinion
in, 8, 120–123

Bayesian updating, 8, 13, 69, 120–
123

Deoxyribonucleic acid (DNA), damage
to, 46

Depression
major mood swings related to, 46
nutritional factors in understanding,

28
Derivation phase, 77
Design Reference Missions, 1, 3, 5, 11,

17–19, 21, 25, 49–50, 67, 69,
74–76, 79n, 83

Digital simulation, 32, 70
Disaggregation, of risk from mitigation

of risk, 62–63
DNA. See Deoxyribonucleic acid
Dual energy X-ray absorptiometry

(DXA), 115–117

E

“Efficiency” risks, 80–82
EVA. See Extravehicular activity
Evidence-based interventions, for mental

disorders, 43
Evidence-based risk assessment, 62
“Expert opinion,” in decision making, 8,

69, 120–123
Extravehicular activity (EVA), 6, 83

clothing for, 36, 49
decompression procedures for, 76
technology for, 82

F

Fatigue, cognitive effects associated with,
45

Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html


138 INDEX

Findings and recommendations, 5–9
radiation effects, establishing risk-

specific radiation exposure levels,
6–7

risk assessment, 7–8
risk communication and keeping the

BR current, 8–9
status of readiness levels, 5–6

Fixed effects methods, using to address
the small sample size, 13, 15, 78–
80

Food, grown and processed during flight,
39

“Food and Nutrition” category, creating,
2, 10, 14, 34–40

Fracture risk, assessment of, 116–117
Fuzzy sets, 63

G

“G-suit” system, 63
Galactic cosmic rays (GCRs), 46–48
Gamma rays, 47
GCRs. See Galactic cosmic rays
Ground-crew relations, dysfunctional,

35–36
Group relations, effective, 44

H

Habitability studies, 36
Hazardous environments of space, 80
Health care delivery issues

for autonomous medical care and
self-care, 51

impact of crew selection on, 54
in nonterrestrial environments, 52

Health risks, quantitatively evaluating, 2
Hierarchical random methods, using to

address the small sample size, 13,
15, 78–80

High-mass, high-Z, high-energy
radiation (HZE), 6, 47–48

Homeostasis, 38
Homogeneous teams, 77

Houston Workshop, on the
Bioastronautics Roadmap, 65,
79n, 89–95

Human life support, the case of
advanced, 82–83

Human performance failure, due to
organizational and cultural
factors, 12–13, 15, 73–75

Human sexuality, in long-duration
missions, addressing issues of, 11,
15, 44

Human system, impossibility of
reengineering, 81

“Human Systems Integration” category,
creating, 2, 10, 14, 34–40

Human-robot interactions, 36
Human-technology interactions, 35
Hyperlinks, in “Important References”

section of the BR, 68
HZE. See High-mass, high-Z, high-

energy radiation

I

ICRP. See International Commission on
Radiological Protection

Independent Health and Medical
Authority (IHMA), 70–71

establishing, 12, 15, 70–71
Independent Technical Authority (ITA),

70–71
Individual tolerance, 47
Inherent risks, 29
Institute of Medicine (IOM), 3, 13, 21,

64, 80
International Commission on

Radiological Protection (ICRP),
47

International crews, increasing
complexity of health care delivery,
54

International Space Station (ISS), 3, 21,
34, 74. See also Design Reference
Missions

investigations aboard, 32, 77
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Interpersonal therapy, brief forms of, 43
Interventions for mental disorders

behavioral, 44
evidence-based, 43

Intrapersonal factors, 41
Intrinsic health alterations, using

actuarial data to estimate
likelihood of, 2, 11, 15, 49–50

Iodine, used as a bacteriostatic agent, 28,
33

IOM. See Institute of Medicine
Ionizing radiation, from the solar wind,

46
Iran Nonproliferation Act, 76
Isolation studies, 45
ISS. See International Space Station
Issues. See Overarching issues in the BR

content; Specific issues
ITA. See Independent Technical

Authority

J

Johnson Space Center, 50, 89

L

Launch schedule, analysis and
prioritization to meet, 75–78

LEO. See Low Earth orbit
Long-duration space flights, 35, 41, 46

addressing issues of human sexuality
in, 11, 15, 44

assessing the impact on crew’s health
and incremental risk, 49–50

simulating, 77
Longitudinal Study of Astronaut Health,

50
Low Earth orbit (LEO), 76

space travel below, 47
Low-readiness areas, 32
Lunar surface sojourn. See Design

Reference Missions

M

Magnetic resonance (MR) scans, 53
Mania, major mood swings related to, 46
Mars journey. See Design Reference

Missions
Mealtimes, social interactions and

connotations of, 40
Medical care

autonomous, 51–54
priority of, 65

Mental disorders, 42
interventions or countermeasures for,

43
nutritional factors in understanding,

28
Mental health risks

affecting crew health and mission
success, developing a system for
quantitative evaluation of, 12, 15,
51–54

quantitatively evaluating, 2
Methodology, 22–23, 89–95

Committee on Aerospace Medicine
and Medicine in Extreme
Environments, 90

Committee on Review of NASA’s
Bioastronautics, 90–95

Institute of Medicine workshops, 90–
95

Microgravity support, conducting
periodic assessment of additional
risks from lack of resources and
using this to make decisions
about, 13, 15, 75–78

Mir Space Station, 29, 41
Mitigation strategies, 27, 32
Mobility aids, 36
Mood swings, major, 45
Moon surface sojourn. See Design

Reference Missions
MR. See Magnetic resonance scans
Muscle loss, 39
Musculoskeletal weakness, 36
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N

Narcissism, 42
Narrative descriptions of risks, 63
NASA. See National Aeronautics and

Space Administration
National Aeronautics and Space

Administration (NASA), 2–8, 10–
11, 13, 17–19, 60, 73, 115, 120.
See also Bioastronautics Roadmap
(BR)

challenges to managers of, 25
constraints on the ISS imposed by, 76
Continuous Risk Management

Program, 8, 67–69
Independent Technical Authority,

70–71
Office of Biological and Physical

Research, 18
Office of Space Flight, 18
Office of the Chief Health and

Medical Officer, 18, 61, 64
National Guideline Clearinghouse, 62
National Space Biomedical Research

Institute (NSBRI), 19, 60
Naval Submarine Medical Research

Laboratory (NSMRL), 33
Naval Undersea Medical Institute

(NUMI), 33
Neurobehavioral problems, 41
Neurovestibular functionality, 27

priority of, 65
NSBRI. See National Space Biomedical

Research Institute
NSMRL. See Naval Submarine Medical

Research Laboratory
NUMI. See Naval Undersea Medical

Institute
Nutritional factors, 38, 118

in understanding depression and
other mental disorders, 28

O

Office of Biological and Physical
Research, 18

Office of Space Flight, 18
Office of the Chief Health and Medical

Officer, 18, 61, 64
Operational issues and solutions, 5

airway management, 52
for autonomous medical care and

self-care, 51
bleeding control, 52
cardiopulmonary resuscitation, 52
suction, 52

Organizational characteristics, and risk,
73–75

Outcome-oriented approach, 31
Overarching issues in the BR content, 9–

10, 26–34
countermeasure and technology

readiness levels, 29–31
creating the cross-cutting categories

“Human System Integration” and
“Food and Nutrition,” 2, 10

interactions among risks, 10, 27–29
status of readiness levels, 29–34
the time factor and its impact on risk,

9, 26–27

P

Palatability, 40
Performance. See also Human

performance failure
increased task expectations of crew, 35
priority of, 65
psychological and physical impacts of

space flight on, 44–46
Personality disorders, 42
Physical health risks

affecting crew health and mission
success, developing a system for
quantitative evaluation of, 12, 15,
51–54

quantitatively evaluating, 2
Physical restraints, 36
Possibility theory, 63
Preliminary Considerations Regarding

NASA’s Bioastronautics Critical
Path Roadmap, 21
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President’s space initiative, 18, 22–23,
26, 74–75

vision for U.S. space exploration, 22
Principal recommendations, 5–9, 14

accelerating countermeasure and
technology development, 6, 14,
29–34

ensuring that the BR is a dynamic
and current database that
enhances communication and
conveys information effectively, 9,
14, 68–70

establishing a safe radiation exposure
level for all relevant risks, 7, 14,
46–49

incorporating quality-of-evidence
measures, 8, 14, 61–62

representing risk severity separately
from the state of the mitigation
strategy or countermeasure, 8, 14,
62–63

using standard uncertainty analysis
techniques to quantify risk
uncertainty, 8, 14, 63–66

Prioritization, 65
threshold for, 5

Process, recommendations on specific
issues in the BR, 12, 15

Psychosocial adaptation, 41

Q

Quality-of-evidence measures,
incorporating, 2, 8, 14, 61–62

Quantitative computed tomographic
(QCD)-derived measurements,
116

R

Radiation exposure
mitigation plans for, 32
priority of, 65

Radiation exposure levels
establishing risk-specific, 6–7, 46–49

establishing safe, 1–2, 7, 14, 46–49
increased in space, 39

Random methods, hierarchical, used to
address the small sample size, 13,
15, 78–80

RBCs. See Red blood cells
Readiness levels. See Countermeasure

Readiness Level (CRL);
Technology Readiness Levels
(TRLs)

Reclassification, of behavioral health
risks, 41–44

Recommendations, 14–15
principal, 14
summary of, 14

Recommendations on overarching issues
in the BR content, 14

creating two new cross-cutting
categories: human systems
integration and food and
nutrition, 10, 14, 34–40

defining, quantifying, and mitigating
interactions among risks, 10, 14,
27–29

labeling risks by relevance to
operational requirements and
temporal urgency, 9, 14, 26–27

Recommendations on specific issues in
the BR content, 11–12, 15

addressing issues of human sexuality
in long-duration missions, 11, 15,
44

developing a system for quantitative
evaluation of mental and physical
health risks affecting crew health
and mission success, 12, 15, 51–
54

grouping behavioral health risks into
categories based on clinical
outcomes, 11, 15, 42–44

using actuarial data to estimate the
likelihood of intrinsic health
alterations as part of the selection
criteria for the Mars mission crew,
11, 15, 49–50
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validating current and future crew
selection criteria, 11, 15, 41–42

Recommendations on specific issues in
the BR context, 12–15

conducting periodic assessment of
additional risks from lack of
resources and using this to make
decisions about microgravity and
behavioral research support, 13,
15, 75–78

human performance failure due to
organizational and cultural
factors, 12–13, 15, 73–75

reframing risks as either health or
technology related, 14–15, 80–82

using Bayesian sequential trials
approach and hierarchical random
or fixed effects methods to address
the small sample size, 13, 15, 78–
80

Recommendations on specific issues in
the BR process, 12, 15

establishing an independent health
and medical authority, 12, 15,
70–71

Red blood cells (RBCs), decreased release
rate of, 39

Reengineering, 81
“Related risks,” 28
“Retiring” risks, 63
Risk assessment, 7–8, 19–20, 60–66

disaggregation of risk from mitigation
of risk, 62–63

evidence-based, 62
expressing uncertainty, 63–66

Risk communication, 68–69
and keeping the BR current, 8–9

Risk uncertainty, using standard
uncertainty analysis techniques to
quantify, 8, 14, 63–66

Risks
defining, quantifying, and mitigating

interactions among, 10, 14, 27–
29

“efficiency,” 80–81
identification of, 19

inherent, 29
labeling by relevance to operational

requirements and temporal
urgency, 9, 14, 26–27

narrative descriptions of, 63
organizational characteristics of, 73–

75
quantitatively evaluating, 2
reframing as either health or

technology related, 14–15, 80–82
representing severity of separately

from the state of the mitigation
strategy or countermeasure, 8, 14,
62–63

“retiring,” 63

S

Safe Passage: Astronaut Care for
Exploration Missions, 64

“Select-in” and “select-out” procedures,
41–42, 77

Self-care, 51–54
biological issues, 51
health care delivery issues, 51
operational issues, 51

Sex. See Human sexuality
Silver nitrate, using as a bacteriostatic

agent, 28–29
Sleep loss, 41
Small Clinical Trials: Issues and

Challenges, 13, 80
Small sample size, addressing the

challenges posed by, 78–80
Social interactions, 40
Solar particle events (SPEs), 46, 48
Solar wind, ionizing radiation from, 46
Space Medicine Office, 65
Spacelab Life Sciences Shuttle missions,

39
Spatial orientation, maintaining, 36
Specific issues, 10–15, 40–54

assessing the sources and impact of
long-duration space flight on
crew’s health and incremental risk,
49–50
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autonomous medical care and self-
care, 51–54

psychological and physical impacts of
space flight on performance, 44–
46

radiation effects and establishing risk-
specific radiation exposure levels,
46–49

reclassification of behavioral health
risks, 41–44

recommendations related to specific
issues in the BR content, 11–12

recommendations related to specific
issues in the BR context, 12–14

recommendations related to specific
issues in the BR process, 12

SPEs. See Solar particle events
Stakeholders, 9, 121–122
Standard uncertainty analysis techniques,

using to quantify risk uncertainty,
8, 14, 63–66

Status of readiness levels, 5–6, 29–34,
97–114

Stress
analyzing responses to, 46
high in tight quarters, 32

Stress hormones, increased
concentrations of, 45

Submarine studies, 33
Suction, operational issues in, 52
Surrogates, using in assessment, 32

T

Teams. See also Crews
dynamics of, 77
homogeneous, 77

Technology development, 80–82
accelerating, 1, 6, 14, 29–34

Technology Readiness Levels (TRLs), 6,
13, 29–31, 78, 83

status of, 97–114
testing operationally, 76

Terrestrial parameters, 83
Thyroid dysfunction, 33

following water contamination, 28
Time factor, and its impact on risk, 9,

26–27
TRLs. See Technology Readiness Levels

U

Ultrasound units, handheld diagnostic,
53

Uncertainty
analysis techniques for, 8, 14, 63–66
expressing, 63–66

Unranked areas, 32
U.S. Department of Defense, 10

V

Variety issues, in diet, 40
Vegetarian diet, 40
Vitamin status, 38

W

Water contamination, and consequent
thyroid dysfunction, 28

Water quality monitoring, mitigation
plans for, 32

WHO. See World Health Organization
Women crew members, 34
Work productivity, of others, coping

skills affecting, 29
Workshop on the Bioastronautics

Roadmap, 65, 79n, 89–95
results of the CB/SD/BSMT

consensus, 66
World Health Organization (WHO),

115

Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html


Copyright © National Academy of Sciences. All rights reserved.

A Risk Reduction Strategy for Human Exploration of Space:  A Review of NASA's Bioastronautics Roadmap
http://www.nap.edu/catalog/11467.html

http://www.nap.edu/catalog/11467.html

