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Abstract: In the evolving field of advanced
biopreservation technologies, the development
of suspended animation (SA) is inspired by real-
world challenges. In the context of space explo-
ration, SA is seen as a solution to enable humans
to undertake missions far beyond low Earth
orbit, including routine travel to other planets
in our solar system and beyond. While work on
the socio-ethical and legal implications (ELSI) of
space exploration continues to evolve, NASA has
committed to make ethics a priority issue, making
this a fruitful field for further examination.

I. Introduction

From the Hibernaculum in 2001: A Space Odyssey
(1968) to the Hypersleep Chamber in Alien (1979) and
the hibernation pods in Passengers (2016), suspended
animation (SA) figures prominently in science fic-
tion. These imaginary depictions of SA are inspired by
real-world challenges. The distances spacecrafts must
travel to reach other planets, let alone other stars, are
vast. For example, a one-way journey to Mars, one of
Earth’s closest neighbors, takes six to nine months
using current propulsion technology.! En route to
other planets in our solar system and to other plane-
tary systems, astronauts will face physical and mental
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health challenges due to the inhospitable environment
of outer space and the living conditions aboard their
craft, challenges that will be exacerbated on missions
lasting months or even years.

Cognizant of these obstacles, scientists have con-
templated the possibility of SA since the start of the
Space Age. In 1954, Hubertus Strughold — a Nazi
physician who migrated to the United States as part of
Operation Paperclip — first introduced the concept of
cold hibernation to space medicine.? As early as 1958,
Wernher von Braun, a vocal supporter of Mars explo-
ration, suggested hibernation could help to solve the
physiological and psychological problems astronauts
would experience during a voyage to Mars.? More
recently, NASA has funded studies on the architecture
of a “torpor-inducing Mars transfer habitat™ and the

Although SA and hibernation share conceptual simi-
larities in reducing metabolic functions to preserve
life, they are not synonymous due to their differing
origins — artificial induction versus natural occur-
rence. To ensure clarity, our discussion will employ the
term “suspended animation” (SA) for the preservation
of whole organisms, including human beings, and the
term “biopreservation” for the preservation of isolated
tissues, cells, and organs.

In this article, we discuss the ethical, legal, and
social implications (ELSI) of SA applied to astronauts,
proposing an ELSI framework. We use the example
of astronaut SA to elucidate several key ELSI issues
posed by crewed space exploration. We begin by dis-
cussing the rationale for astronaut SA, providing an
overview of the health challenges of space travel and

In this article, we discuss the ethical, legal, and social implications (ELSI)
of SA applied to astronauts, proposing an ELSI framework. We use the
example of astronaut SA to elucidate several key ELSI issues
posed by crewed space exploration.

hibernation of Arctic ground squirrels.’

On Earth, biopreservation technology is sought as
a solution to extend the storage times of organs for
transplantation and to stabilize patients in critical
condition after a mass casualty incident.¢ While SA of
whole human bodies belongs to the realm of science
fiction for the time being, biopreservation research is
advancing rapidly. The hope is that SA technology will
someday enable humans to undertake missions far
beyond low Earth orbit (LEO), so-called “exploration
missions,”” including routine travel between Earth and
other astronomical bodies such as Mars.

SA, hibernation, and biopreservation are terms that,
while related, each denote distinct concepts within the
field of biological preservation. SA refers to the delib-
erate slowing or halting of life processes by external
means without causing death, allowing for later reani-
mation. This term is often used in medical or futuris-
tic contexts where metabolic activities are drastically
reduced, including in methods such as vitrification.
Hibernation, in turn, describes a naturally occurring
state of reduced metabolic activity in animals, facili-
tating survival during periods of scarce resources or
extreme environmental conditions. Biopreservation
encompasses the extension of viability and integrity of
biological tissues, including cells, organs, and entire
organisms, through processes like cryopreservation.

the expected benefits of SA for astronauts. We then
look at the current state of SA research and make rec-
ommendations for a framework to identify, analyze,
and mitigate ELSI and governance issues in the devel-
opment of biotechnologies for space travel. We limit
our analysis to issues that emerge from the use of SA
by professional astronauts in preparation for and dur-
ing early exploration missions. Hence, our analysis
excludes potential ELSI issues that could arise earlier
in the development of the technology (e.g., in animal
testing® and earthbound research on non-astronauts)
or in terrestrial applications. Our rationale for doing
so is twofold: First, ELSI issues arising early in the
development of SA are covered by current research on
advanced biotechnologies and existing regulations on
animal and human subjects research. Second, SA is a
nascent technology that will take decades to develop.
The technical and ethical challenges along the trans-
lational pathway are formidable and uncertain, but
focusing on the transition from Earth to space allows
for a preliminary conceptual analysis of the ELSI
issues. Moreover, our proposed ELSI framework is
largely focused on the US context, while the recom-
mendations could be extrapolated to the international
context.

Given our focused scope, we center on the technol-
ogy to be used by professional astronauts, thus pur-
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posely excluding issues specific to “spaceflight par-
ticipants” or space tourists on commercial missions.?
Moreover, the development and use of SA will most
plausibly be carried out under the auspices of a gov-
ernment space agency (e.g., National Aeronautics and
Space Administration (NASA), China National Space
Administration (CNSA), or Roscosmos State Corpora-
tion for Space Activities (Roscosmos)). We thus frame
our arguments in the context of NASA-led efforts. We
hypothesize about missions that will take place in a dis-
tant future. In the decades to come, we can anticipate
that public-private partnerships may become more
complex and private actors — in the United States
or abroad — may ultimately take the lead in space
exploration. Technological breakthroughs in the con-
text of an accelerating international and multi-actor
space race will inevitably pose complex ELSI issues,
testing the adequacy of current ethical and gover-
nance frameworks. For instance, competing interests
between public and private actors could intensify. The
issues we identify and the recommendations we pro-
pose will serve as a useful starting point for discussion.

I1. Scientific Rationale: Why Develop
Suspended Animation Technology for
Astronauts?

Homo sapiens is a species not designed for space
flight. Modern humans — and their ancestors —
evolved under the boundary conditions present on
Earth, including standard gravity (1 g) and the planet’s
geomagnetic field.”® As a result, humans face a host
of physiological and psychological challenges when
traveling to outer space. NASA uses the acronym
“RIDGE” to summarize the health challenges posed
by the conditions of space: Radiation, Isolation and
confinement, Distance from Earth, Gravity fields, and
hostile/closed Environments.! The distance and dura-
tion of exploration missions not only compound these
issues, but are the primary reason for the development
of SA, as it will take months, years, or even decades
for astronauts to reach their destinations. SA has the
potential to mitigate RIDGE issues.

Exposure to space radiation is one of the most haz-
ardous aspects of both short- and long-term human
space travel.’> Prolonged exposure to space radiation
can result in damage to several physiological systems,
leading to an increased risk of cancer, cardiovascular
issues,’? and neurological disorders.”* When it comes
to the short-term impact of space radiation, research-
ers are particularly concerned about the risks posed by
major solar or galactic cosmic ray events, which can
lead to radiation sickness and even death. Lower doses
of radiation still pose risks, as even mild symptoms
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can impact astronauts’ ability to perform their tasks.'
Shielding can protect against the harmful effects of
space radiation but leads to other design challenges
when it comes to so-called “upmass” limitations.’® SA
has the potential to markedly slow down or even halt
astronaut cell division and metabolism, thereby avert-
ing damage done by radiation, which mostly occurs in
dividing cells. However, repair mechanisms will also
be slowed down and, therefore, damage upon reawak-
ening may not be reduced.” Still, SA techniques using
liquids or ice formation could provide physical protec-
tion barriers against space radiation.

The gravity fields to which astronauts’ bodies are
subjected vary, for example on a mission to Mars:
weightlessness during the journey, Martian gravity
(1/3 g) at the destination, considerable gravitational
force equivalents (g forces) during launch and reentry,
and Earth’s gravity upon return.'® Weightlessness, also
called microgravity, causes a number of physiological
changes.!”® The spaceflight environment causes mus-
culoskeletal issues such as bone density loss, muscle
loss, and joint damage.?° The brain is also affected in
its ability to process balance and movement.?! When
astronauts move from one gravity field to another, they
face new health challenges, some minor (e.g., spatial
orientation, orthostatic hypotension) and others seri-
ous (e.g., bone fractures, cardiovascular disease).22 A
combination of a specialized diet, exercise, and certain
medications can mitigate some of the adverse effects.23
SA has the potential further to reduce the negative
impact of gravity fields as it reduces metabolism and
the pathological mechanisms described.

Isolation and confinement, distance from Earth,
and closed environments pose interrelated health
challenges. Astronauts’ immune systems are adversely
impacted by the lack of a circadian rhythm and inad-
equate nutrition, while pathogens behave differently
under spaceflight conditions, increasing the risk of
illness.?* Astronauts’ mental well-being can suffer
from isolation and the constant noise produced by the
systems running aboard spacecraft, as the vacuum of
space traps sound inside the vessel. SA has the poten-
tial to induce a “sleeping” state where astronauts
would not require nutrition or be disturbed by their
environment.

Some of the adverse effects of spending extended
periods in LEO are longer term (e.g., attenuated cog-
nitive function, alteration in certain genes’ expression
levels),?s but most disappear once astronauts return
to Earth. However, exploration missions pose chal-
lenges beyond those encountered during even the lon-
gest stays aboard Mir (437 days) and the International
Space Station (ISS) (371 days),?¢ stations circling the
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planet in LEO and enjoying the protection of Earth’s
magnetosphere. SA may be able to attenuate some of
the adverse effects.

The impact of the space environment and exist-
ing countermeasures on astronauts in LEO are well
documented, even if the biological mechanisms are
not always fully understood, but the same is not true
for travel beyond the Van Allen belts, which protect
Earth against high-energy radiation from the sun and
galactic cosmic rays. The first mission beyond the Van
Allen belts was Apollo 8 in 1968 and the most recent
crewed mission beyond LEO was Apollo 17 — over
fifty years ago (1972).27 While current knowledge of
space travel could be extrapolated to prolonged mis-
sions to the Moon and beyond, there is almost no
data “on the risk owing to radiation exposure associ-
ated with exploration missions beyond the protection
afforded by Earth’s magnetic field, including the dif-
ferences between a 1-year spaceflight in LEO and a
3-year Mars mission.”?8 Crewed deep-space missions
— during which astronauts will spend months, years,
or even decades beyond LEO - will involve “known
unknowns” as well as “unknown unknowns.” The for-
mer are known risks of unknown extent (e.g., biologi-
cal response to extreme temperature changes under
conditions of deep space) and the latter are unforesee-
able risks.?® These unknowns must be addressed in
program and policy decisions. SA can provide a solu-
tion to some of these risks, but the technology itself
will be a source of unknowns.

II1. The State of the Science and Path
Forward

Since the use of SA in space travel lies in the distant
future, how each step of the translational pathway will
unfold is uncertain. Examining analogous medical
conditions on Earth can provide insights into and solu-
tions to challenges encountered in space. For example,
osteoporosis bears similarities to space-related bone
loss, muscle atrophy is seen after immobilization due
to fractures or surgery, and organ preservation is criti-
cal in transplant surgery. Considering familiar health
conditions and their treatment can elucidate promis-
ing approaches in space. These insights pave the way
for implementing and refining biopreservation strate-
gies that are critical for space travel.

In transplant surgery in particular, a range of
biopreservation strategies that make use of cold tem-
peratures are currently being developed for whole
organs, often inspired by nature.?° Using an ice-free,
supercooled state, extended preservation of animal
and human organs has been achieved, increasing
organ preservation times from hours to days.?' Draw-

ing inspiration from the wood frog (Rana sylvatica),
controlled ice-formation of small animal livers has
enabled successful partial freezing up to five days.3?
Building on these successes, partial freezing is cur-
rently being translated to porcine and human livers,
pushing the boundaries as far as ten days, more than
20-fold the current preservation time.?? The longest
organ preservation presently reported is the months-
long storage of rat kidneys, which were then success-
fully transplanted.?* The organs were stored for 100
days using vitrification, a technique in which freezing
occurs so rapidly that instead of ice crystals, a glass-
like state is achieved, enabling the potential for years-
long preservation.

While the described cooling techniques focus on
separate organs, steps have been made to translate
the technology to Vascularized Composite Allografts
(VCAs), grafts that are composed of multiple tissue
types. Researchers have demonstrated success in stor-
ing animal models up to two days, instead of six hours
using traditional cold storage.?’ Translation to such
composite organs is the first step to whole body SA,
as it combines knowledge of preserving diverse indi-
vidual tissues. The work of researchers like Kenneth
Storey and colleagues has been pivotal in illustrat-
ing how certain organisms naturally enter states of
suspended animation or hibernation under extreme
conditions. These studies provide valuable lessons
on metabolic downregulation and stress tolerance,
which are crucial for developing effective whole-body
preservation strategies.? Understanding these natu-
ral mechanisms offers a roadmap for mimicking such
states in humans, particularly in the context of protec-
tive strategies against extreme environments encoun-
tered in space travel. An exciting development in this
direction, researchers recently achieved success in a
large animal model, where whole-body Extracorporeal
Membrane Oxygenation (ECMO) — not dissimilar to
the more well-known heart-lung machine — was used
one hour after cardiac arrest to resuscitate the organs
and demonstrated cellular recovery by decreasing
cell death and revealing molecular and cellular repair
processes.?” This is a promising step showing that
application of techniques used in individual organs
(e.g., machine perfusion) and techniques developed
for different purposes (e.g., ECMO for ICU patients)
can lead to breakthroughs in other fields as well (e.g.,
whole-body preservation).

From a scientific perspective, advances in the field
of biopreservation can provide a foundation for the
SA of astronauts, but will require adaptation to the
unique challenges posed by the space environment.
Expanding upon seminal findings in organ preser-
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vation research, the next phases in the translational
trajectory of SA for extraterrestrial applications could
focus on the extraterrestrial viability of preserved
organs. For instance, a liver subjected to partial freez-
ing could be conveyed to a space environment for
subsequent reanimation and functional analysis.?8
Another approach could be to preserve animal organs
during a space mission and transplant them upon
return to Earth, for in vivo functional assessment
and direct comparison to time-matched organs pre-
served on Earth. To observe long-term function and
survival of whole-body SA, small and, subsequently,
large animal models could be used. Human investi-
gations on whole-body SA could initially encompass
the use of decedent models, in particular, donors after
brain death (DBD), extrapolating from normother-
mic regional perfusion (NRP) methodologies.?® This
phase would aim to elucidate integrated organ system
preservation dynamics. Even if the above steps were
to be taken and successes were achieved, the techno-
logical and ethical hurdles to overcome to make SA of
astronauts a reality would be immense. Protecting the
brain in the context of whole-body SA emerges as a
major challenge. The task of preserving neural tissue
integrity and functionality over extended durations
presents formidable scientific obstacles, stemming
from the intricate nature of neural networks and the
fundamental importance of the brain in maintain-
ing consciousness and identity. However, with lim-
ited work having been done in this field, the scientific
and ethical complexities are outside the scope of this
article.

Strategies to overcome these hurdles may not be
dissimilar to those shown in science fiction. Intrave-
nous infusions would likely be necessary for control-
ling body temperature, as well as timely administra-
tion of medications to prevent adverse effects such
as bone, muscle, and cartilage loss. That medication
could be administered either preventatively prior to
the cooling phase, throughout preservation, or as part
of the reanimation phase. Reanimation will likely be
much slower than depicted in science fiction and may
resemble care in an ICU, in which astronauts recover
from muscle atrophy, ischemia-reperfusion, and chill-
ing injury over the course of days, weeks, or even
months. Next, psychological reorientation as well as
physical rehabilitation and adjustment to the “awake”
state would follow. Preservation will have to be stable
and reliable, not sensitive to environmental factors
such as vibrations and g forces. Necessary equipment
will need to be small and light enough to fit aboard
a spacecraft. Furthermore, astronauts will have to be
able to initiate and end biopreservation themselves
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or through automated systems which do not require
medical personnel. Additionally, these SA techniques
will need to work in a microgravity environment.

IV. Space ELSI Research: No Giant Leap ...
Yet

ELSI research is still young; it became an independent
field of study in the context of the Human Genome
Project in the early 1990s. Nevertheless, NASA has
considered the ethical, legal, and social implications
of its activities since the agency’s inception in 1958.*°
For example, NASA is a signatory to the Common
Rule, requiring NASA to have an Institutional Review
Board (IRB) to oversee human subjects research.* To
ensure experiments on international missions (e.g.,
aboard the ISS) are conducted in a safe and ethical
manner, NASA has been cooperating with its partner
agencies in the Human Research Multilateral Review
Board (HRMRB) for decades.*> The agency’s ongo-
ing interest in ethical, legal, and social issues is also
reflected in its policies and commissioned reports,
some of which are highlighted below. However, NASA
has expressed relatively little interest in ELSI research
applied to emerging technologies pertaining to astro-
nauts, at least publicly.

Existing ethical, legal, and social research on space
travel can roughly be divided into three categories:
current NASA policies, reports commissioned by
NASA, and more visionary research on the future
of humanity as a spacefaring species. In addition,
there is a small body of literature that more explicitly
addresses specific issues in space exploration from an
ELSI perspective, including papers by Sara Langston
on commercial human spaceflight and some of Kon-
rad Szocik’s work on human genetic enhancement for
space travel.*3 While the existing literature does not
explicitly address ELSI related to SA, that literature
provides the background for our discussion of astro-
naut SA.

Many NASA policies and documents touch on
ethical, legal, and social considerations, albeit often
implicitly and not through an explicit ELSI lens.
Examples are the most recent iterations of NASA’s Pro-
tection of Human Research Subjects documentation
(2022), NASA Space Flight Human-System Standard:
Volume 1: Crew Health (2022), and NASA’s Moon to
Mars Strategy and Objectives Development (2023).4*
They range from directly addressing ethical concerns
surrounding human subjects research conducted by
NASA to listing objectives to guide the development
of the technology needed to return to the Moon and
travel to Mars (e.g., “return crews safely to Earth while
mitigating adverse impacts to crew health”).+5 NASA
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has considered the ethical and social implications of
the Apollo program and, more recently, looked at the
agency’s historical impact on society (2007).46

Since the 1970s, NASA has tasked the National
Academies of Science, Engineering, and Medicine
(NASEM) to produce reports to assess and make
recommendations on certain of its activities, includ-
ing ethical considerations related to crewed space
flight. Two consensus study reports by the Institute of
Medicine (the predecessor to the National Academy
of Medicine) are of particular interest, Safe Passage:
Astronaut Care for Exploration Missions (2001) and
Health Standards for Long Duration and Explora-
tion Spaceflight: Ethics Principles, Responsibilities,
and Decision Framework (2014).*” The analysis and
recommendations of the latter serve as an inspiration
for our own arguments. However, that report focused
on the development of health standards as specified
in NASA Space Flight Human-System Standard (Vol-
umes 1 and 2).*8 Moreover, while many of the report’s
conclusions are relevant to SA, Health Standards is a
decade old and does not explicitly consider the use of
new biotechnologies.

In April 2023, the agency convened a workshop
on Artemis and ethics. The workshop considered the
ELSI of NASA’s efforts to return to the Moon and to
travel to Mars, resulting in the report Artemis, Eth-
ics, and Society: Synthests from a Workshop (2023).
Unfortunately, the report is of limited use to our cur-
rent discussion, as it focuses heavily on the return
to the Moon and does not consider the ELSI issues
raised by the emerging science and technologies that
will be required for exploration missions, such as SA.
Nonetheless, several of the report’s general recom-
mendations are relevant, including the need for NASA
to reflect on core values to shape newly engineered
systems. In particular, Artemis addresses common
ethical principles, such as sustainability, benefit shar-
ing, and equity in access. Importantly, the report calls
for addressing cultural sensitivities, such as issues that
will arise from payloads carrying human remains to
the Moon, as the Moon is considered sacred by some
communities.*

A third body of literature examines the future of
humanity as a spacefaring species, reflecting on the
inevitability of humanity’s colonization of space con-
sidering existential threats on Earth, and the resulting
need for humans to evolve to cope with their new space
environment. The argument, discussed in most detail
by Szocik, is that humans will have to be genetically
engineered in order to adapt to the harsh conditions of
outer space, and that these modifications would con-
stitute preventive therapy rather than enhancement.>°

While the time horizon for these developments is dis-
tant, Szocik and others cited above raise questions that
are relevant to the development of an ELSI framework
for SA and other biotechnologies that may be needed
for space exploration, for example, concerning the
uniqueness of the bioethics of space exploration and
the justification for the use of biomedical technologies
to protect against the space environment.

V. The ELSI of Astronaut Suspended
Animation in Space

The development of SA for use during exploration
missions raises ELSI issues relating to the distinction
between research and practice, particularly when it
comes to the role astronauts play in developing bio-
technologies for deep-space missions. Key concerns
are informed decision-making, risk-benefit tradeoffs,
and astronaut privacy. Moreover, the ELSI issues sur-
rounding astronaut SA point to substantial gover-
nance issues related to research on human beings in
the context of space exploration, specifically cutting-
edge biotechnological research.

A. Space Exploration: Research, Practice, and
Experiment

The distinction between research, practice, and
experiment is most famously and succinctly discussed
in The Belmont Report (1979), which summarizes
ethical principles and guidelines for human subjects
research.” It is worth noting that the report’s authors
preferred the term “innovation” over “experiment,”’
because of the negative historical connotations of the
latter. Innovations refer to untested procedures that
depart significantly from standard or accepted prac-
tices. However, we choose to use the term “experi-
ment,” because it captures the unique and complex
scenario of first use of new technologies in aerospace
(e.g., experimental aircraft), which might not be sub-
ject to a formal research protocol nor established
standard practice in the industry. The authors of The
Belmont Report pointed out the difficulties of distin-
guishing between the categories of research, practice,
and experiment. As we will see, this distinction is
even harder to conceptualize and navigate in the con-
text of space travel. Unsurprisingly, issues surround-
ing research, practice, and experiment are discussed
throughout the space exploration literature, with
Safe Passage and Health Standards being prominent
examples.’> However, these issues are not systemati-
cally elucidated in terms of the three categories and
the corresponding ethical and regulatory frameworks.
Addressing the distinctions is important in the analy-
sis of space innovation and research. Despite develop-
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ments in research ethics since The Belmont Report,
and criticisms of the report,” we believe a “back-to-
basics approach” is useful to facilitate discussions of
SA-related ELSI issues in the context of crewed space
exploration.

The Belmont Report defines research as the system-
atic testing of hypotheses with the goal of develop-
ing generalizable knowledge, while (clinical) practice
refers to health interventions with the aim of restoring
or enhancing an individual’s well-being with a “rea-
sonable expectation of success.”** Astronauts engage
in both research, as participants or human subjects in
research protocols, and practice, as recipients of estab-

technology is and whether it is being researched, used,
or tested. In general, the early development of SA
should be research, while the routine use of the tech-
nology on journeys to Mars and beyond will eventu-
ally be considered practice. Meanwhile, early uses of
the technology will plausibly be experimental, given
that SA may have gone through a research phase but
still not be accepted for routine use, especially for pro-
longed travel beyond LEO. As we have seen, however,
determining where exactly the boundaries between
research, practice, and experiment lie is difficult.
Indeed, it is possible to move back and forth along the
translational pathway. For example, while the first ver-

Given the tension between research, practice, and experiment in the
development and use of advanced biotechnologies for spaceflight,
central questions should be: Which safeguards should be applied,

specifically if using SA for space exploration? Are such measures adequate?
Do such protections also consider the collective or societal implications?
And how will they impact benefit sharing and stewardship of resources?

lished interventions to maintain their well-being. For
example, astronaut participation in a protocol to test
a hypothesis for clinical care on Earth is research, but
astronaut use of accepted pharmacological counter-
measures to mitigate the adverse health effects of the
space environment is practice.’* Many activities, how-
ever, do not fit the research-versus-practice binary
mold and may be both. To illustrate, the routine col-
lection of astronaut health data can be used to moni-
tor an individual astronaut’s health and, if necessary,
to intervene in their care. However, the same data can
also be used to generate knowledge to better monitor,
diagnose, and treat astronauts on future missions. The
third category, experimentation, is relevant as well. In
the process of developing and first using technologies,
certain astronaut activities are experimental, mean-
ing the astronaut uses new and (partially) untested
technologies in a manner that departs from standard
practice, whether on Earth or during spaceflight. As
The Belmont Report states, “The fact that a procedure
is ‘experimental, in the sense of new, untested or dif-
ferent, does not automatically place it in the category
of research.”¢

The question is how the development and use of SA
— and other new biotechnologies — relate to the cate-
gories of research, practice, or experiment. The answer
depends on where along the translational pathway the
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sion of SA may be entering routine use, scientists may
be researching an upgraded version of the technology.

Difficulty distinguishing research, practice, and
experimentation pervades the space literature. For
instance, the authors of Health Standards base their
discussion of ethics principles for health standards for
space travel on the ethics of research involving human
participants on Earth, drawing parallels between
human subjects research and the ‘practice’ of human
spaceflight (e.g., in considering risk-benefit, informed
consent).”” Along the same lines, Ashle Page argues
that principles used for biomedical research on Earth
should be applied to human space exploration (i.e.,
autonomy, justice, beneficence, and nonmaleficence).’

The reflex to extend Earth research ethics to space
practice is understandable. Not only does the approach
err on the side of granting astronauts more protec-
tions, but research ethics offers a familiar toolbox for
space ethics. However, it is important to highlight the
differences between research ethics and space prac-
tice, which in many instances more closely resembles
the third category of experiment.

Space ELSI research needs to further elucidate the
three domains, but also map the relationships between
them in the context of space exploration. While theo-
retically separating the spheres is important to iden-
tify and mitigate conceptual issues that arise in each
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sphere, it is equally important to remember that these
distinctions are inevitably going to be somewhat prob-
lematic when applied to space travel. As we have seen,
there are good reasons to apply research ethics to
space, but this approach risks insufficiently address-
ing the unique features of space exploration, leaving
the ELSI of space practice undertheorized.

Given the tension between research, practice, and
experiment in the development and use of advanced
biotechnologies for spaceflight, central questions
should be: Which safeguards should be applied, spe-
cifically if using SA for space exploration? Are such
measures adequate? Do such protections also con-
sider the collective or societal implications? And how
will they impact benefit sharing and stewardship of
resources? Which governance mechanisms should
be established? As stated above, the main concerns
should be whether astronauts are afforded appropriate
health and ethical safeguards, as well as whether there
are robust governance mechanisms to monitor such
protections and consider the ELSI of the activities.

B. Astronauts: Research Participants, Professionals,
and Testers

The difficulty of distinguishing between research,
practice, and experiment is mirrored in the potential
triple role of the astronaut as research participant,
professional, and/or tester. In the context of the devel-
opment and first use of new biotechnologies for space
exploration, one of the key challenges is to pinpoint
the role of the astronaut, as astronauts can seemingly
fulfill any of these three roles at any time. However,
astronauts’ rights, responsibilities, and protections —
whether ethical or legal — plausibly differ depending
on their role. While the triple role of the astronaut is
often acknowledged in the literature, or at work in the
background, the distinction is rarely analyzed.

As research participants, American astronauts are
protected under the Common Rule (45 C.F.R. part 46
Subpart A), for example, when they are participat-
ing in an approved research protocol aimed at gen-
erating new knowledge on board the International
Space Station (ISS).5* The Common Rule provides a
robust set of protections for research subjects. These
protections plausibly extend to astronauts participat-
ing in research of advanced biotechnologies, like SA.
However, the extension of the Common Rule beyond
research protocols is problematic. Consider, for exam-
ple, early use of SA during an exploration mission but
after the initial research — a set of circumstances that
resembles Chuck Yeager breaking the sound barrier
or Alan Shepard journeying into space for the first
time. Yeager and Shepard were test pilots (even if the

latter was called an astronaut once he joined Project
Mercury) and their role may best fit in the category
of experimentation. Similarly, the first astronauts to
use SA during an exploration mission might be con-
sidered testers rather than research participants,
or maybe they will be both at the same time. Astro-
nauts will be using a still novel technology (untested
under the conditions of prolonged use in deep space)
to reach their destination, but telemetric data collec-
tion to create generalizable knowledge will also take
place. Of course, astronauts are also professionals who
go through rigorous training to develop a highly spe-
cialized skill set to perform a very specific role, that
is, to crew a spacecraft. Only when exploration mis-
sions using SA become routine, will astronauts exclu-
sively be professionals making use of an established
technology to do their job, as exotic as both job and
technology may seem today — at least, until a next
major technological breakthrough in space explora-
tion pushes them in the role of research participant
and/or tester, again triggering questions about appro-
priate ethical safeguards and governance.

How should we determine which role the astronaut
is playing at a given time — participant (research),
professional (practice), and/or tester (experiment)?
In space, there may be a unique overlap and inter-
play among these categories. Szocik calls the space
environment a “new moral ecology.”®® While existing
moral principles and rules still apply, they are used
in a new and dangerous environment, requiring flex-
ibility in their application to a point that may conflict
with moral intuitions and habits on Earth. Similarly,
Paul Wolpe argues that space bioethics is akin to prac-
ticing ethics in other extreme environments, such as
Antarctica or extreme-altitude mountaineering.5* For
new space technologies, such as SA, drawing clear
lines between research, practice, and experiment can
be difficult.

So what rights, responsibilities, and protections
should astronauts enjoy in their roles as research
participants, testers, and professionals? Safe Pas-
sage argues for an occupational health model, think-
ing of astronauts primarily as employees rather than
research participants and granting them fewer pro-
tections, while Health Standards (2014) uses research
ethics as the model to develop astronaut health stan-
dards. While providing astronauts with more rather
than fewer protections has much to commend it, the
health research model does not neatly translate to the
role of the astronaut as tester and professional. Even
if we grant that astronauts on space missions should
be covered by protections similar to those enjoyed
by research participants in biomedical research per-
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formed on Earth due to the similarities between these
activities, the protections might differ to accommo-
date the realities of space travel. For example, are
astronauts as government employees able to provide
voluntary and informed consent? Are potential con-
flict of interest issues (employer-employee-research
participant) properly addressed? Is there an appropri-
ate balance of benefits and risks? What would with-
drawal of consent look like? An astronaut who chooses
to withdraw from a SA study on Earth in preparation
for an exploration mission should be able to do so, but
an astronaut who does not want to hibernate while
their craft is en route to Proxima Centauri may not
enjoy the same protection, but instead may have the
responsibility to enter a state of SA to ensure mission
success and crew safety.

The ethical questions surrounding the role of the
astronaut have corollaries in the legal questions, “Who
is an astronaut?” and “What is their status according to
space law?” The legal literature, which tries to define
who is an astronaut based on international space
treaties and national space law, does not adequately
address the issue of astronauts as research subjects.®?
Instead, legal scholarship focuses on the role of the
astronaut as “personnel” aboard a spacecraft, thus
emphasizing their role as professionals or employees,
which in turn has implications for astronauts’ rights,
responsibilities, and protections.®? The discrepancy
between the ethics and legal literature shows a need
for more work to bridge ethical issues and regulatory
concerns, including by considering international trea-
ties, national legal frameworks, or institutional policy.

The role of the astronaut needs to be further
explored and defined, both ethically and legally, to
determine astronauts’ rights, responsibilities, and
protections. It is clear the astronaut’s role is dynamic
and complex, requiring a model that moves beyond
the dichotomy between research and occupational
health, while at the same time drawing on both mod-
els. Astronauts should be key stakeholders in this pro-
cess of defining their role and in the development of
crewed space strategy, addressing the ethical issues
surrounding exploration missions.®* Governance
mechanisms will be needed to ensure that astronauts’
interests are safeguarded and to foster accountability
and trustworthiness.

C. Risks and Benefits: Beyond Acronyms

The use of SA, whether during its development pro-
cess or on a mission, requires that NASA and the space
community determine that the technology’s risks and
benefits are acceptable. The challenge is how to ade-
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quately assess the risks and benefits, given that both
will be difficult to establish.

Risk assessment is central to the conception, devel-
opment, and execution of NASA programs.®s But how
do NASA and the space community assess risks? In
the literature, the acronyms ALARA and ASARP,
which stand for “as low as reasonably achievable”
and “as safe as reasonably practicable” respectively,
are regularly cited as illustrative of risk assessment at
NASA.% Both approaches involve a tradeoff between
the safety performance of a technology and other vari-
ables, including the additional cost of an incremen-
tal improvement in safety (e.g., money, upmass) and
“other societal and socioeconomic considerations.”
However, these acronyms are often limited to use in
a particular context (e.g., radiation exposure), at least
historically. More importantly, by themselves these
concepts are inadequate as a comprehensive approach
to risk assessment. NASA’s Risk Management pro-
gram does provide a more systematic approach to gov-
erning agency-wide risk with the aim of reaching “an
optimal balance between minimizing the potential for
loss while maximizing the potential for gain (opportu-
nity),” including in NASA’s Risk Management Hand-
book (2011).68 While a detailed discussion of NASA’s
approach to risk management is beyond the scope of
this paper, the question is to what extent it is suited to
assess and mitigate the risks involved in the develop-
ment and use of SA or other advanced biotechnologies
for space exploration that further complicate risk man-
agement. While NASA and the space community have
experience with risk assessment and mitigation, dis-
ruptive biotechnologies add a new level of uncertainty
and potential for harm, especially in the early stages
of their development and use. Examples of these risks
are practical challenges such as the stability of thermal
states in space environments as well as medical chal-
lenges such as the long-term effects of biopreservation
during space travel. They also raise questions about
appropriate governance and oversight to iteratively
assess evolving risk-benefit thresholds.

Assessing the potential benefits of SA is equally dif-
ficult, both when it comes to the technology itself and
the broader justification for exploration missions. As
we have seen, the major benefit of SA is that astronauts
would be able to “sleep” en route to their destination,
which could have psychosocial health benefits and
confer protection against the space environment (e.g.,
radiation exposure), while at the same time solving
certain technical issues (e.g., resource use, upmass).
At this time, however, it is uncertain to what extent
these theoretical benefits can be realized in prac-
tice. When it comes to some benefits, like protection
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against the harsh conditions of deep space, research-
ers may only be able to fully assess the benefit during a
mission, or even after the crew returns to Earth. This
leads to a broader question about the value of crewed
exploration missions given the risk and uncertainty
involved. Why should we send astronauts to Mars
and beyond? As former NASA Administrator Daniel
Goldin often said, NASA is good at addressing how to
proceed with space exploration, but does a poor job
explaining why.% There are many potential justifica-
tions, from the expansion of scientific knowledge, to
the exploitation of space resources, and the mitiga-
tion of existential risk.”> Moreover, some of the tech-
nologies that are developed to explore space may have
useful — or even lifesaving — applications on Earth,
for example, the potential use of SA in emergency
medicine. The question of the societal value of crewed
deep-space travel becomes even more pressing in light
of alternative exploration and exploitation strategies,
such as uncrewed probes or Al-powered robots; these
alternatives also factor into the risk-benefit tradeoffs
surrounding exploration missions.

NASA and the space community have a long his-
tory of weighing risks and benefits, which includes
reflecting on the risk-benefit tradeoffs surrounding
exploration missions. Thus far, however, the agency
has insufficiently considered the role that new bio-
technologies will play in the exploration of deep space.
These technologies will radically alter the assessment
of the adequacy of consent and of the balance between
risks and benetfits, calling again for robust governance.
As new biotechnologies move along their translational
pathways, NASA and the space community should
iteratively assess their risks and benefits relying on the
input of the astronaut corps and the broader scientific
community, including ELSI researchers. Langston, for
instance, takes a first look at such an approach dis-
cussing risk governance in the context of commercial
human spaceflight.” Moreover, NASA and its partners
should engage in a broader societal debate about the
value of crewed exploration missions, as this is a key
factor in weighing risks and benefits individually and
collectively.

D. Astronauts’ Informed Decision-Making

The difficulties surrounding risk-benefit assessment
feed into the issue of informed decision-making, which
arises in the context of astronauts participating in SA
research as well as crewing a mission that makes use of
this technology. The issue of informed consent raises
ethical concerns, centered around the principle of
autonomy, as well as legal concerns, such as employ-
ment-related contractual issues of waiving liability.

Informed decision-making could be problematic
when it comes to both astronaut participation in SA
research and the use of the technology during a mis-
sion (i.e., practice). The issues are similar in both
contexts, which goes back to the difficulty of distin-
guishing between research and practice. The broader
question is how to model and implement informed
decision-making in space science and exploration. As
we have seen, the Safe Passage report presents this as
a choice between the research and occupational health
models, favoring the latter and suggesting the Com-
mon Rule needs to be reinterpreted when it comes to
research with astronauts.” The translational pathway
of SA points towards a more dynamic approach to
astronaut-informed decision-making, where the con-
sent process is more stringent early on, identical to or
closely resembling consent in a research setting, per-
haps becomes less demanding when the technology is
used later on a space mission (experiment), and then
still less so when SA is routinely used (practice). What
this less-demanding consent when it comes to the use
of new biotechnologies for space travel would look like
exactly needs to be specified further.

Astronaut consent is problematic for at least three
reasons: (1) As we have seen, the risk-benefit tradeoffs
of using SA are poorly understood, to some extent
inevitably so (for example, in first use of the technol-
ogy on a crewed mission beyond LEO), making it dif-
ficult for astronauts to make informed decisions. Dis-
closing benefits and risks is essential for an adequate
informed consent process. Szocik goes so far as to
argue that informed consent can be ignored or is sim-
ply impossible to implement in the context of deep-
space exploration.” Gibson stresses the importance of
consent, but notes that consent can be overridden in
certain circumstances (e.g., mandatory anthrax vacci-
nation for military personnel), which may be extrapo-
lated to space travel.” (2) The voluntariness of consent
is a major concern, due to astronauts’ fear of being
removed from a (future) mission and their desire to
“boldly go where no man has gone before,” even if that
requires them to make use of a novel technology in
an extremely hostile environment. (3) Consent can
presumably not be withdrawn. Astronauts will spend
long periods in SA, whether to test the technology or
en route to their destination, and during that time
they cannot rescind their consent. A robust and pro-
spective informed consent process will be needed to
address this issue.

Of course, much will depend on the specifics of SA.
For example, some animals are able to wake themselves
from a state of torpor if necessary. When it comes to
space travel, one might argue that astronauts already
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find themselves in a situation where “their consent
becomes binding and irrevocable at the moment the
mission launches.”” However, it is important to con-
ceptually separate assent to mission participation from
consent to SA, even if in practice the former appears to
imply the latter. For example, an astronaut who enters
SA en route to their destination may not want to do
so on the way back, a refusal that would have serious
practical implications (e.g., resource usage, control
over craft) to the point that it raises the question of
whether that astronaut can be forced to enter SA. This
again requires assessing the triple role of the astronaut
as participant (research), professional (practice), and
tester (experiment), highlighting the importance of
voluntary and informed decision-making.

The issue of informed decision-making also raises
legal concerns about the possibility of contractu-
ally waiving liability. For example, does the doctrine
of volenti non fit injuria apply? In lay language, can
astronauts who knowingly and voluntarily risk dan-
ger bring a claim for any resulting injury? And can
informed consent include all the necessary informa-
tion to decide on a waiver of legally protected interests
like life and health?7¢ While these questions apply to
all crewed spaceflight, they become more pressing in
the context of exploration missions in general and the
use of SA in particular.

E. No Privacy in Space?

The routine collection of astronauts’ health data raises
well-known privacy concerns. Space crews are small.
To illustrate, for a mission to Mars a crew size of six or
eight is considered ideal to accomplish mission objec-
tives and to safely return to Earth.”” However, small
crew sizes make it easy to re-identify individual astro-
nauts based on the data, even if efforts are made to pro-
tect confidentiality via de-identification approaches.
The issue of privacy already arises in spaceflight (e.g.,
data collection on ISS), but will plausibly become
more pressing with the introduction of SA, as use of
the technology will imply the constant collection and
communication of vast amounts of health data. The
data that is collected by SA technology may also be
qualitatively different from the data that is currently
collected. For example, hibernation pods may be able
to detect the early onset of serious health conditions
(e.g., cancer) or even have access to astronauts’ men-
tal states (e.g., memories) through a brain-computer
interface. Moreover, when in SA astronauts will find
themselves in a particularly vulnerable position, with-
out control over the collection process and their health
data for prolonged periods of time, thus making their
initial voluntary and informed consent imperative.
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While privacy issues also arise in the context of
defined research protocols, we focus on the routine
collection of data by SA technology, given that the
boundary between research and practice is blurry in
space. When it comes to current data collection prac-
tices during spaceflight, opinions differ as to how to
approach privacy concerns. The Safe Passage report
identifies privacy as a key concern and discusses the
issue at length. According to the report, astronauts
have a strong incentive to keep their medical infor-
mation private, as they do not want to be disquali-
fied from participation in future missions, an issue we
return to shortly. The culture of the astronaut corps,
valuing stoicism and a can-do attitude, further rein-
forces the underreporting of health data. Rather than
limiting the disclosure of health data to the flight sur-
geon, who is the astronaut’s personal doctor in prep-
aration for and during a mission, the report points
towards exceptions to doctor-patient confidentiality
in instances where a clinician’s duties extend to an
organization (e.g., the military) or the public (e.g.,
the requirement to report infectious diseases), while
not specifically addressing ensuing conflict of interest
issues.

In the case of space exploration, the routine collec-
tion of astronaut data has the potential to improve the
health and safety of current as well as future space
travelers. The authors of the Safe Passage report rely
on Earth-based analogues for balancing confiden-
tiality and public health (e.g., employees at the first
nuclear power plant) to argue for an occupational
health model for the governance of astronaut health
data, including the routine collection of a variety of
health data.”® Walter M. Robinson, who served as
a committee member for Safe Passage, echoes the
report’s conclusions, arguing that individual astro-
nauts should cede some privacy in order to promote
health and safety for the astronaut corps.” Wolpe, at
the time NASA’s Chief of Bioethics, nuances the pri-
vacy issues as presented by the Institute of Medicine
and Robinson, noting that the incidence of astronauts
refusing to report health data is quite low. While some
sorts of data should indeed be collected within an
occupational health model, he points to the problem-
atic distinction between research and practice in space
science to caution against applying the occupational
health model across the board. The development and
use of invasive or hazardous technologies require
additional protections, including when it comes to
data gathering, suggesting a health research model.s°

At least initially, SA would be an invasive and
hazardous technology, suggesting a health research
approach to data collection and governance. However,
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the technology would also allow for the routine col-
lection of massive amounts of health data, some unre-
lated or unimportant to the further development of
SA, reminiscent of an occupational health model. In
other words, the introduction of SA would heighten
the tension between the two models. From the astro-
nauts’ perspective, SA will cause them to lose con-
trol over much of their health data, which may lead
astronauts to resist the technology, because they fear
not being selected for future missions based on the
collected data. To navigate the complex relationship
between the occupational and research models, and
to assuage astronaut concerns, NASA and the space
community will have to rethink their approach to data
collection and privacy protections.

F. Justice: Fair Crew Selection and Beyond

The Artemis homepage prominently states the pro-
gram aims “to land the first woman and first person of
color on the Moon,” showing that diversity, equity, and
inclusion (DEI) will be key considerations for NASA
and the space community in making crew selection
decisions for exploration missions.?* This is not mere
lip service to a DEI agenda. Research has shown that
increased diversity among Earth-bound space mission
teams can reduce risk, a result that plausibly translates
to crews traveling into space.s2 Concerns surrounding
fair crew selection feed into other justice concerns, as
a career as an astronaut opens doors in science, indus-
try, and policy. SA has the potential both to alleviate
and to aggravate issues of justice.

Humans respond differently to the conditions of
space travel in LEO, and this heterogenous response
will likely be more pronounced during exploration
missions. Health Standards discusses the possibility
of excluding women from early exploration missions
because they experience more adverse effects from
exposure to the space environment (e.g., muscle loss,
bone density loss). Others have suggested selecting
space crews for exploration missions on the basis of
genomic risk factors (e.g., radiation exposure) or from
peoples who live in low-oxygen, high-radiation envi-
ronments (e.g., the Himalayas).83 While these pro-
posals challenge our sense of justice, it is important
to keep in mind that the loss or temporary disability
of even a single crewmember can endanger mission
success or threaten the safety of the entire crew. To
minimize risk, NASA already uses a rigorous selec-
tion process for astronauts, excluding some from the
opportunity to travel into space.s*

SA has the potential to level the playing field for
participation in exploration missions, provided that
the technology can indeed protect astronauts against

the space environment.85 En route to their destination,
astronauts will spend significant amounts of time in
hibernation, which could limit the detrimental effects
of exposure to the conditions of space, even if they will
be awake — and be exposed — upon arrival. Of course,
much as humans respond differently to space travel,
they may show a heterogeneous response to SA, rein-
forcing existing inequities or creating new ones. While
much will depend on the specifics of the technology,
justice in general and equitable crew selection in par-
ticular can be considerations in the development of
SA. For example, if there are two competing technolo-
gies, where one elicits a more heterogeneous response
than the other, then equity could be a reason to invest
in the latter. SA’s potential to ensure equitable access
to space could be an important motivation to develop
the technology.

G. Broader Governance Challenges

The adoption of SA has implications beyond the
astronauts who will test and first use the technology,
as others will be impacted by the use and develop-
ment of the technology, including astronauts’ fami-
lies, future astronauts, and NASA as the responsible
institution. Much like the first landing on the Moon,
initial exploration missions will engage the American
public — and the global population — in concern over
astronaut health and safety. For example, the serious
injury or death of biopreserved astronauts could lead
to a loss of trust in NASA, the space community, and
the government.8¢

Health Standards points out that governance chal-
lenges are aggravated by the fact that NASA's structure
has the potential to give rise to “significant conflicts
of interest.”s” For example, the National Aeronautics
and Space Act (1958) tasks NASA with the expansion
of human knowledge of space (§102(c)(1)) as well
as the improvement of space vehicle safety (§102(c)
(2)).88 With regards to SA, NASA is obligated both to
engage in deep-space exploration, which may require
the use of advanced biotechnologies, and to mitigate
health and safety risks.®® Additional conflicts may
arise among the increasingly complex and heteroge-
neous network of stakeholders in the space commu-
nity, for example, between NASA and its international
partners, private subcontractors, and public-private
partnering projects.

While our discussion is US centric, it is important
to briefly address the international dimension. A chal-
lenge for governing space exploration is that much
national and international space legislation stems
from the Cold War era and is poorly equipped to
deal with recent developments,® including the use of
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advanced biotechnologies and the increased heteroge-
neity of the actors participating in space exploration.
The National Aeronautics and Space Act has seen only
minor amendments since it was signed by President
Dwight Eisenhower. The five United Nations treaties
on outer space were developed and adopted in the
context of the Space Race. To give an example, the
treaties were written at a time when space exploration
was the exclusive domain of nation states. Accord-
ing to Art. VI of the Outer Space Treaty (1967), states
“bear international responsibility for national activi-
ties in outer space, even if those activities are carried
out by non-governmental entities.”” Moreover, the
article specifies, “The activities of non-governmental
entities in outer space [...] shall require authoriza-
tion and continuing supervision by the appropriate
State Party to the Treaty.”9> However, this article may
make governments hesitant to adopt novel technolo-
gies, in turn impeding their development by private
industry. To plug the gaps in space governance at the
international level, the American Institute of Aero-
nautics and Astronautics has suggested the need for
a “World Space Conference” to bridge the program-
matic and political levels of space governance, a sort
of United Nations for spacy policy.®? Astronauts, and
other stakeholders, should play a key role in such a
governing body.9* The question is, however, how use-
ful such a metalevel governance approach is when it
comes to regulating new technologies, especially given
the increased heterogeneity of actors and jurisdic-
tions involved in space exploration, some of whom
may adhere to different priorities and social values.
The challenge is to institute policies that are general
and flexible enough to account for different techno-
logical developments without being so general that
they become meaningless.9> While space exploration
has become a global enterprise, and some degree of
international harmonization is desirable, the develop-
ment of technology happens more locally (e.g., nation,
state, province) and aligns with local interests. There-
fore, a combination of adaptable metalevel global
governance and local governance frameworks will be
more suitable in addressing the complex issues arising
in space exploration, including the use of advanced
biotechnologies.

Finally, any combination of governance mechanisms
must provide protections to adequately safeguard the
well-being and the interests of astronauts, regardless
of how their roles are conceptualized (as research par-
ticipants, professionals, and testers). To ensure this is
the case, one possibility is the creation of multidisci-
plinary, independent oversight bodies beyond the tra-
ditional ethics review committees that already oper-
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ate at space agencies (e.g., NASA, ESA). The mandate
of such governance bodies might resemble an ethics
review committee, but with an expanded role. Beyond
ensuring traditional human research participant pro-
tections, they should also be entrusted to assess sci-
entific merit and integrity as well as societal value. Of
course, many questions must be answered before this
tentative proposal can be implemented. For example,
what is the precise scope of these independent bodies?
How do they relate to traditional ethics review com-
mittees? And how do we ensure their independence
from other stakeholder interests? The key is the need
for ethical reflection beyond traditional ethics review
committees, particularly in light of the use of new
(bio)technologies in space exploration.

The successful development and uptake of disrup-
tive technologies, such as SA, are contingent on gov-
ernance and regulatory mechanisms that consider the
individual, community, and societal impacts of such
technologies. In turn, promoting trustworthiness and
actual public trust relies on deliberative engagement
of stakeholders, accounting for the historical, socio-
cultural, and political contexts that might impact their
assessments of benefits and risks.

VI. ELSI Recommendations

Astronaut SA is in the early stages of development
and there is considerable uncertainty regarding the
technology’s translational pathway. It is evident, how-
ever, that SA and other advanced biotechnologies will
require NASA and the space community to consider
ELSI issues and the needed governance for crewed
spaceflight. Given this context, we make two broad
recommendations: (1) investment in ELSI research by
NASA and the space community, and (2) the devel-
opment of governance and regulatory frameworks for
the use of advanced biotechnologies by astronauts.

A. Investment in ELSI Research by NASA and the
Space Community

As we have seen, there is a need for space ELSI
research, which can build on the recent surge of inter-
estin ELSI at NASA in the context of the Artemis pro-
gram and the space agency’s plans to send astronauts
to Mars.% These complex, long-term endeavors raise a
multitude of ELSI questions beyond those related to
the development and use of advanced biotechnologies,
including the broader ethical, legal, and social ramifi-
cations of such missions.

A straightforward first step for NASA is to pro-
mote transparency and accountability via meaningful,
representative stakeholder engagement. To be more
transparent and accountable about both its existing
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operations and plans for future exploration missions,
NASA should actively solicit ELSI researchers — and
other stakeholders — to provide feedback on the
agency’s policies and procedures, together with ensu-
ing impacts. Our suggestion echoes calls for increased
transparency in the Health Standards and Artemis
reports.9” To give an example, NASA’s approach to
the assessment of risk-benefit tradeoffs surrounding
exploration missions could benefit from increased
reflection from outside the agency via governance
mechanisms and public engagement. Understand-
ably, NASA may be reluctant to be more transparent
about its operations, as this will elicit questions of
accountability in a context where accidents inevitably
happen. However, rather than seeing calls for trans-
parency as a threat, NASA should embrace the oppor-
tunity to effect institutional change, becoming a more
open and robust institution in the process. In prac-
tice, NASA can start by making available to the public
information about their ongoing initiatives pertaining
to policy and ELSI considerations, and make it easier
to navigate the agency’s many online resources. NASA
could also create an online repository with (new) poli-
cies that would benefit from feedback.

Of course, NASA can also more actively engage in
ELSI research, which may be advisable considering
the agency’s ambition to launch crewed exploration
missions. The Artemis workshop and resulting report
fit within such an approach. Workshop participants
suggested several options for NASA to address ELSI
issues moving forward, including integrating ELSI
research into existing policy structures and establish-
ing research capacity at NASA to address ELSI. They
suggested drawing lessons for the successful imple-
mentation of ELSI research in the Human Genome
Program.’® Moreover, the agency can consider exist-
ing ELSI programs, like the European Commission’s
research programs on responsible innovation.? What-
ever shape ELSI initiatives at NASA will take, they
should include socio-ethical reflection on the develop-
ment and use of advanced biotechnologies for future
exploration missions.

For now, most of the responsibilities, public invest-
ment, and risk management for crewed spaceflight
rest with NASA. As previously stated, we can envi-
sion ELSI issues becoming more diverse and complex
in the future due to the increasingly commercial and
international nature of space exploration, the growing
number of stakeholders, and the expanded accessibil-
ity of space science and technology. The identification
and governance of ELSI issues within that broader
space community poses yet another challenge for the
emerging area of space ELSI research. Given the pace

of innovation and the lack of established governance
systems in many areas of space science and explo-
ration, ELSI frameworks can play a central role in
informing stakeholder policies, procedures, and best
practices.0°

B. A Flexible ELSI Framework for the Governance of
Advanced Biotechnologies

The development and use of advanced biotechnolo-
gies — including SA — for crewed spaceflight is only
one area of space exploration that can benefit from an
ELSI and governance framework to inform research
and practice. The aim is to distill a set of ethical, legal,
and social principles and values that can inform the
implementation of governance mechanisms, includ-
ing policy and regulatory frameworks. We define gov-
ernance here in the traditional sense, as the process by
which authority is administered and oversight is exer-
cised through rules (e.g., standards of practice, codes
of conduct, legislation, professional guidelines) and
the process by which actors (e.g., individuals, institu-
tions, communities) are held accountable. Under this
notion, robust governance mechanisms entail admin-
istration and supervision at all levels, nationally and
internationally.’°! Applied to SA, an ELSI framework
can help guide the translational pathway of the tech-
nology through a process of iterative reflection. A delib-
erative, ongoing dialogue between biopreservation
scientists, ELSI researchers, and other key stakehold-
ers can direct the development of the technology, by
reflecting on the core values (e.g., respect for persons,
justice, transparency, accountability) that need to be
built into SA. Early choices can shape technologies
and institutions, often in ways that cannot easily be
changed later. By prospectively reflecting on the ELSI
issues raised by SA, we can avoid being locked into
a suboptimal technology decades or centuries in the
future that disregards important socio-ethical delib-
eration and the perspectives and values of impacted
individuals and communities.

Similarly, mission planners — in dialogue with
ELSI researchers — must start thinking about policies
for the use of astronaut SA now, relying on the interre-
lated principles of autonomy (ethical), volenti non fit
injuria (legal), and broad accessibility, stewardship,
and benefit sharing (social). The results of this exer-
cise, which should be iterative, can help inform the
development of SA. Over time the ELSI framework
will evolve — for example, with increased attention to
DEL

NASA and the space community need not start
from scratch to develop such a framework but can
draw on current research. First, researchers and poli-
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cymakers can use existing ELSI initiatives as models,
such as ELSI analyses related to human genomics
research and the aforementioned European programs
on responsible innovation. Second, while Health Stan-
dards’ scope is limited to the development of specifi-
cations as described in the NASA Spaceflight Human
System Standards, the report’s overall approach is
similar to what we propose, that is, the development
of a set of general principles to inform policymak-
ing.’°2 Third, Langston has considered the ethical,
legal, and policy implications of commercial human
spaceflight, taking an approach that resembles those
taken in ELSI research. While Langston falls short of
developing a full-fledged ELSI framework for com-
mercial space travel, instead relying on a combination
of existing frameworks (e.g., Health Standards) and
principles (e.g., precautionary principle), the richness
of her analysis can inspire a more general space ELSI
framework.93 Finally, the research on the future of
humanity as a spacefaring species contains important
elements that can be used to inform space ELSI.10*
Bridging the gaps between these existing bodies of
research will go a long way in providing the basis for a
space ELSI framework.

The development and application of an ELSI
framework has several advantages: First, the frame-
work should not be construed as a “one-size-fits-all”
approach, but should be flexible, allowing the same
framework — or parts thereof — to be applied to dif-
ferent ELSI issues related to space exploration and
provide the underpinnings for robust governance
and regulation. While our focus has been limited to
a specific context (i.e., the use of SA by professional,
American astronauts), the proposed ELSI framework
could be extrapolated to a future scenario where regu-
lar citizens (i.e., non-astronauts) will be working and
living beyond Earth. Being flexible also means that the
framework can evolve over time in response to rapid
developments in space science. Moreover, such a flex-
ible framework can potentially be adopted to other
contexts, for example to commercial actors within and
beyond the United States.

Second, by adopting an ELSI framework, NASA
and the space community can govern their activi-
ties in a way that does not stifle innovation and fos-
ters public trust. The challenge is not simply to legis-
late or regulate, reducing ELSI to its more legalistic
aspects, but to prospectively explore the field of space
ELSI, giving it a chance to mature together with space
exploration.'?® In the case of SA, the early state of the
technology offers an opportunity to develop an ELSI
framework to guide technology development, testing,
and application.
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Third, and closely related to the previous point,
a governance framework can serve as a toolbox for
NASA and the space community to address ELSI
issues earlier in project lifecycles, making it easier
and less costly to identify and mitigate future issues.'°6
Of course, doing so can be challenging early in the
development of a new technology, given the uncer-
tainty involved. However, this uncertainty shows the
importance of mapping out the translational pathway
for new space technologies, including SA, allowing
a dialogue between the space community and ELSI
researchers to steer the technological development
process.

VII. Conclusion

SA technologies seek to address real-world challenges.
Terrestrial applications of SA could prove beneficial
in medicine. In the space context, SA could eventu-
ally enable humans to explore the solar system and
beyond, allowing for a universe of scientific discover-
ies. Whole-body SA is still a nascent technology which
will not be available for use in space for decades to
come. Yet focusing on the potential of SA technol-
ogy to enable astronaut hibernation is important, as
it allows for a prospective conceptual analysis of the
socio-ethical, legal, and governance issues. Indeed,
progress on the ELSI and governance issues raised by
SA will help advance thinking that can be applied to
other new biotechnologies in space.

The ELSI of space exploration offers a fruitful field
for visionary reflection. The development of SA for
use during exploration missions raises important
ELSI issues including how to deploy the categories of
research, experimentation, and practice. The relation-
ship among these activities will influence astronaut
rights, responsibilities, and protections.

Moving forward will require well-developed gover-
nance mechanisms to ensure appropriate oversight,
accountability, and trustworthiness. Applications of
disruptive biotechnologies, such as SA, might radi-
cally alter the assessment of the adequacy of a consent
process during exploration missions and of the bal-
ance between risks and benefits, calling not only for
robust governance, but also for iterative and meaning-
ful public engagement. Beyond astronauts’ individual
considerations, there are wider societal or collective
issues that an ELSI approach must consider. They
range from justice issues pertaining to equitable crew
selection, benefit sharing, colonization, and steward-
ship of resources, to thoughtful attention to communal
socio-cultural views regarding the value and appropri-
ate treatment of astronomical bodies (e.g., the Moon)
within and beyond the solar system. Investment in
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ELSI research by NASA and the space community is
essential to attend to these issues.

A solid ELSI framework is essential to moving for-
ward with revolutionary technologies such as SA that
will fundamentally change space travel. A successful
translational pathway for technologies like SA is pred-
icated on governance and regulatory mechanisms that
are responsive to individual, community, and societal
impacts. Public trust must be gained and nurtured.
This will require transparency and the deliberative
engagement of all stakeholders.
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