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exist to elucidate the details of each subsystem in space flight.
With eventual linkage of these results to omics approaches now
being developed, the connections to personalized medicine on
earth are apparent (5). This approach can be extended to
include disciplines not typically considered in an integrated
fashion with physiology, such as behavior, performance, and
human factors. As an example, in the case of multiperson crew
resilience, it is likely that individual roles and responsibilities
will need to change through different phases of a mission. A
strong hierarchical command structure might be needed during
dynamic phases of planetary approach, landing, and initial
reconnoitering. During extended months-long exploration, a
more democratic approach might serve better. Add to this the
possible changes in motivation level, mood, and state of health
due to the coupled physiological changes, and the desire to
have a crew organize itself to changing internal and external
demands becomes apparent.
Enabled by recent advances in the noninvasive measurement
of physiological and behavioral parameters (EEG, EMG, EKG,
body movement, temperature, etc.), continuous subsystem
monitoring can be realistically and unobtrusively implemented
within a mission and also during preflight training to establish
baseline values and ranges for each individual. Coupled with
mathematical modeling, this can provide real-time assessment
of health and function and detect early indications of imminent
breakdown (10). Because the interconnected web of physiological systems (and crewmembers) can be interpreted as a
network in mathematical terms, we can draw on recent work
that relates the structure of such networks to their resilience
(ability to self-organize in the face of perturbation) (3, 12). The
term “resilience” has many meanings. In this setting, it is
proposed that the human “system” is more than just the sum of
its parts, that there are emergent properties that arise from the
coupled interactions of physiological subsystems, and that it is
these emergent properties (which would not be apparent by a
detailed investigation of each subsystem on its own) that lead
to resilience. Resilience then means the ability to call on
multiple subsystems to different degrees, to maintain health
and performance, and to change these interactions as needed
when faced with a perturbation such as disease or injury or
environmental stressor. The underlying hypothesis is that lessons learned from network theory can be used to understand
and evaluate resilience in physiology. This raises the questions
of what systems are coupled, how to measure the couplings,
and if there is any meaning to them, which are the areas where
research is needed.
There are many parameters and interactions that might be
amenable to such an approach. Normal variability is an established characteristic of a healthy physiological response (7).
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TO THE EDITOR: NASA plans to send humans to Mars in about 20
years. The NASA Human Research Program supports research
to mitigate the major identified risks to human health and
performance on such long-duration missions. However, there
will undoubtedly be unforeseen events on any mission of this
nature—thus mitigation of known risks alone (4, 9) will not be
sufficient to ensure optimal crew health and performance under
challenging conditions. Research should be directed not only to
mitigating the known risks, but also to providing flight crews
with the tools to assess and enhance physiological and behavioral resilience to cope with the unexpected, as a group and
individually. A Mars mission—along with parallel studies in
simulation and laboratory facilities— can also provide a model
for terrestrial health concerns that involve small groups of
high-performing individuals in stressful settings where health
and fitness are crucial but easily compromised; examples
include military special operations, mountaineering, and deepsea exploration. Beyond these specifics, however, the tools and
procedures developed in the research program described here
could be of value in most any setting where physiological and
psychological parameters can be measured and used to guide
interventions: hospital ICUs and chronic-care facilities for the
elderly, for example.
One approach to this issue is to draw on ideas from complexity theory and network theory to assess crew and individual resilience (3, 8). Depending on whether one considers a
physiological or a behavioral view, either an individual crewmember or the entire crew could be treated as a complex
system that is composed of many subsystems (physiological
subsystems or individual crewmembers), where the interactions between subsystems are of crucial importance for overall
health and performance (1). In the case of individual crewmember resilience, one might think of the main physiological
subsystems (cardiovascular, sensorimotor, musculoskeletal,
etc.) as the nodes of a large network, with natural connections
forming linkages between nodes. The ways in which these
linkages form—their statistics and distributions, for example—
can lend to the network either rigidity or flexibility in the face
of perturbation. These types of self-organization (12) are characteristic of healthy systems of many kinds, and some general
rules that enable this form of resilience have been elucidated.
An understanding of the structure of these interactions can
provide important information even in the absence of complete
information on the component subsystems. This is critical in
human spaceflight research, because insufficient opportunities
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provide a savings in crew time and other resources, which are
in short supply on space missions.
The NASA Human Research Program (HRP) provides opportunities to conduct the types of research described here.
Although the release of a specific grant solicitation for a
wholesale integrative-physiology and modeling initiative is not
imminent, other possibilities exist. Solicitations are released
regularly for research in analog facilities: controlled environments that mimic key aspects of extended spaceflight such as
isolation, confinement, and an extreme environment. HRP
makes use of a number of such facilities, in which small groups
of test subjects are confined for various periods of time.
(Perhaps most notable of these was a 520-day mission; see Ref.
13.) In addition to the psychological stress induced by these
analog studies, some of them involve extended duration headdown bed rest, which mimics some aspects of fluid shift and
muscle disuse as seen in space flight (and has been used to
reproduce some effects of ageing). Because these are controlled environments in which subjects are closely monitored
and various perturbations and interventions can be produced,
they provide excellent settings for the research promoted here.
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Healthy coupling has been investigated less extensively (6),
but there are cases in which too tight or too loose coupling
might be problematic. In the area of physiological systems,
examples include:
• cardiorespiratory rhythms;
• circadian rhythms, body temperature, and sleep;
• stress markers and cardiac and immune function;
• stress markers and cognition, sleep, and performance;
• profiles of biochemical markers related to immune function and nutritional status;
• sensorimotor aspects such as motion sickness, ataxia,
reaction time, and manual control.
In the area of interindividual behaviors, examples might be:
• sleep cycles;
• coordination of work and meal times;
• coupled motions during communication;
• group dynamics of sharing habitable spaces for work and
rest.
If these multiple couplings and interactions can be placed
into a network context, several advantages accrue, such as the
ability to call on established metrics for self-organization and
resilience that represent robustness and the ability to selforganize in the face of perturbation. Within this framework,
tools for resilience are then the means to measure and analyze
these physiological and behavioral parameters, incorporate
them into models of normal variability and interconnectedness
(2), and recognize when parameters or their couplings are
outside of normal limits. What to do when a problem is
identified depends on its nature: changes might be made to
crew procedures, work pacing, interpersonal interactions, sleep
cycles, meal timing and content, as guided by the model.
Furthermore, this approach could provide guidance on whether
other targeted interventions are needed during a mission, such
as nutritional or pharmaceutical.
Human spaceflight research is an ideal setting in which to
carry out this type of work. There is a need for such an
integrated approach to efficiently address the physiological and
behavioral problems encountered by humans in long-duration
flight (11). Another benefit is that the in-flight use of these
methods could provide meaningful autonomous work for the
crew on an extended flight, such as during the return phase of
a Mars mission when the anticipation of the outbound journey
and the excitement of planetary exploration have subsided. (In
fact the in-flight data might be made available solely to the
crew for their own benefit. This could help offset concerns
about privacy of medical data and the intrusive aspect of
continuous monitoring.) Moreover, the International Space
Station is a near-perfect laboratory for this research: the environment is self-contained and heavily monitored, and the
astronaut crew (test subjects) is relatively homogeneous,
healthy, and highly motivated. Many confounds that would
complicate an integrative approach in terrestrial populations
are avoided. It is also worth noting that the strategy proposed
here would lead to individual characterization of each astronaut
crewmember, in the form of a physiological “signature” of
normal responses, interactions, and alterations under various
stressors. This would allow for the eventual implementation of
personalized countermeasures for the deconditioning effects of
extended space flight, tailored to the individual. This would

