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Innovative solutions are required to make long-duration space missions feasible.
Crew performance and health is paramount to the success of anticipated Moon
and Mars missions. Metabolic reduction via a quasi-torpor state is a possible
mitigation strategy that can reduce consumable payload, which is necessary
given the lack of available resupply options, and to reduce psychological stress,
which is a risk for such lengthy missions. Even in lunar or cis-lunar missions, a
quasi-torpor state could be implemented as an emergency countermeasure for
critical situations where life support becomes limited. However, to date no
studies have tested a quasi-torpor state in humans, and the impacts of
intentional prolonged metabolic reduction on physiological and psychological
parameters are unknown. To this end, we planned a three-phase study to provide
proof-in-principle of the tolerability, feasibility, and side effects of a non-
intravenous alpha-2-adrenergic receptor agonist for moderate sedation. This
was accomplished by 1) determining the dosing and metabolic effects for
different non-intravenous routes of alpha-2-adrenergic receptor agonist
drugs; 2) assessing the degree of metabolic reduction and side effects during
a 24-h quasi-torpor protocol; and 3) evaluating participant performance and total
metabolic reduction achieved over a 5-day quasi-torpor protocol. We also aim to
determine how skeletal muscle health and performance are affected by this
quasi-torpor state. Quasi-torpor induced changes in skeletal muscle health and
performance, as well as impacts on cognition and psychological stress, also have
implications for terrestrial situations that result in prolonged confinement (e.g.,
austere environments such as submarine or remote scientific or military
deployment and protracted critical illness). The findings of this three-phase
study will be immediately applicable as a rescue strategy for emergencies
during current or upcoming space missions. They will also identify key
physiological and practical questions that need to be addressed for future
deployment in long-duration space missions. This paper reviews the relevant
literature that informed our rationale and approaches for this three-phase study.
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Introduction

Long-duration space missions will require innovative strategies
to reduce consumables, counteract psychological stress due to
mission duration and confinement, and improve survivability
during emergencies that threaten the crew’s resources or life
support (NASA Human Research Roadmap) For example, the
anticipated Mars mission will involve a minimum 760-day
roundtrip journey from Earth to Mars during which time there
will be no opportunity for resupply and communications will be
delayed (NASAa; NASAb) One potential solution to address the
aforementioned risks is metabolic reduction, similar to the torpor or
hibernation strategy that many animals employ during periods of
resource scarcity. While much has been observed regarding torpor
and hibernation in mammals, (Ruf and Geiser, 2015; Junkins et al.,
2022) little is known about how a similar strategy might be induced
or imitated in humans. Small mammals such as 13-lined ground
squirrels and Arctic ground squirrels are considered obligate
hibernators that hibernate on a circannual rhythm for several
months. (Grabek et al., 2019; Frare and Drew, 2021; Jinka et al.,
2011) During hibernation, these squirrels markedly reduce their
core body temperature to 4°C and undergo interbout euthermic
periods of arousal during the hibernation period (Grabek et al., 2019;
Frare and Drew, 2021; Jinka et al., 2011). The mechanisms that
govern this complex process are still being investigated, but
adenosine signaling in tanycytes of the hypothalamus appear to
play a role. (Frare and Drew, 2021; Jinka et al., 2011; Drew et al.,
2017; Junkins et al., 2022) Heterotherms including marsupials,
hedgehogs and shrews employ daily torpor in resource
constrained situations, while tenrecs and dwarf lemurs can enter
even longer bouts of torpor at relatively warmer temperatures
compared to ground squirrels (Blanco et al., 2021). The
physiologic changes that extreme hibernators, such as squirrels,
undergo are difficult to translate to human applications. However,
bears also hibernate albeit with less extreme changes in body
temperature, only a few degrees Celsius change, and yet they
manage to suppress metabolic rate by up to 75%. (Tøien et al.,
2011; Grabek et al., 2019; Frare and Drew, 2021; Jinka et al., 2011)
Although there is yet much to learn about how bears are able to
suppress metabolism yet preserve organ function and mitigate
muscle atrophy and bone demineralization, transcriptomic and
proteomic analyses have suggested that increased availability of
non-essential amino acids, increased pyruvate dehydrogenase
kinase-4 and decreased serpin f1 activity, and signaling via the
Akt-mTor pathway contribute (Mugahid et al., 2019). The bear
hibernation phenotype is more translatable to humans than small
hibernating mammals, but further study is needed (Choukér
et al., 2021).

We are currently investigating whether a medication-induced
prolonged sleep state can safely reduce metabolic rate in humans.
Our strategy focuses on increasing the ratio of sleep:awake time
using a combination of light sedation and mild external cooling to
reduce the resting metabolic rate. We developed a three-phase
experimental plan in healthy participants to 1) determine an
efficacious non-intravenous dose of an alpha-2-adrenergic
receptor (A2AR) agonist drug; 2) test the ability to induce
sedation and metabolic reduction in a 24-h protocol; 3) test the
ability to maintain drug-enhanced sleep and metabolic reduction

over a 5-day protocol. We have completed and reported the first
phase of this study (Callaway et al., 2024). We are measuring the
psychological, cognitive, and muscle health changes associated with
this prolonged sleep state. We have expanded upon our extensive
prior experience with both cooling and sedation in critically ill and
healthy humans to maximize metabolic reduction and minimize
invasiveness of the procedures (Moore et al., 2008; Sonder et al.,
2018; Callaway et al., 2020; Callaway et al., 2015; Rittenberger et al.,
2019). This paper describes our approach to inducing prolonged
sleep to facilitate metabolic reduction in humans, discusses our
rationale for experimental choices made, and highlights knowledge
gaps for future studies to explore and optimize this approach
in humans.

Rationale and methods

Rationale

Metabolic rate comprises the consumption of fuel and oxygen
(O2), which produces carbon dioxide (CO2), work, and heat. Food
provides the metabolic fuel for humans, and typical energy
consumption for a 70 kg adult man aged 30–59.9 years engaged
in moderate daily activity is 2,750 kilocalories/day, 190 kJ/day, or
11.4 MJ (3,166.67 W-hours) (Food and Agriculture Organization of
the United Nations, 2004). Oxygen consumption is proportional to
the fuel consumed in aerobic metabolism, and a resting adult
consumes about 3.5 mL O2/kg/min (1 metabolic equivalent,
MET) (Food and Agriculture Organization of the United
Nations, 2004; Jetté et al., 1990). This rate can increase briefly to
more than 10 METs during vigorous exercise (Jetté et al., 1990).
Differing amounts of CO2 are produced for each unit of O2

consumed, depending on the proportion of fuel sources (fat,
carbohydrate, or protein). Assuming humans sleep 7–8 h per 24-
h day (~30%), their metabolic rate is expected to be around 1.0 MET
(Jetté et al., 1990). During waking hours, even quietly working
humans will have a mean metabolic rate of 1.4 METs. (Jetté
et al., 1990). Thus, daily energy consumption will average (30% x
1.0 METs) + (70% x 1.4 METs) = 1.3 METs.

We speculate that increasing the proportion of sleep time to 80%
of the day will reduce the average metabolic rate: (80% x 1.0METs) +
(20% x 1.4 METs) = 1.1 METs. By itself, this change in the
proportion of sleep time from 30% of the day to 80% of the day
would afford a 20% reduction (from 1.3 to 1.1 METs) in total fuel
and oxygen consumption each day (Figure 1A, B).

Anesthetic drugs can further reduce metabolic rate below quiet
resting rates. We speculate that drug-induced sleep could allow
metabolic rate to decline below 1.0 METs. For an individual who is
sleeping 80% of the day, modest reductions in resting metabolic rate
can provide significant savings in fuel and O2 consumption. For
example, a 20% reduction in resting metabolic rate from 1.0METs to
0.8 METs would reduce average metabolic rate: (80% x 0.8 METs) +
(20% x 1.4 METs) = 0.9 METs. Thus, the combination of prolonging
sleep to 80% of the day andmetabolic reduction of 20% during sleep,
would reduce overall fuel and O2 consumption by 30% (from 1.3 to
0.9 METs) (Figure 1C).

Reduction of temperature also decreases metabolic rate by
slowing the chemical reactions throughout the body. We have

Frontiers in Space Technologies frontiersin.org02

Weissman et al. 10.3389/frspt.2024.1457487

https://www.frontiersin.org/journals/space-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frspt.2024.1457487


measured a 5.2% reduction in O2 consumption for each 1°C decrease
in core body temperature in sedated healthy volunteers for whom
drugs inhibited shivering (Flickinger et al., 2024). Similar reductions
in cerebral metabolic rate have been reported under general
anesthesia (Michenfelder and Milde, 1991). It is conceivable that
reducing core body temperature would further decrease resting
metabolic rate and could amplify the metabolic reduction
provided by anesthetic drugs.

There are at least three important practical considerations for
implementation of an anesthetic-induced reduction in metabolic
rate as a spaceflight countermeasure. First, drug administration
should be minimally invasive. Peripheral intravenous catheters
used in hospital care have a failure rate of 4%–9% per day
(Takahashi et al., 2020). While central venous catheters may
have a lower failure rate of 0.3% per day, they are more
complex to insert and have thrombotic and infectious
complications (McManus et al., 2024). Maintaining intravenous
catheters for long-duration spaceflight is impractical. Therefore, to
avoid intravenous drugs, we sought an oral, mucosal or
transcutaneous drug regimen. Second, mechanical support of
respiration is complex and hazardous. Non-invasive ventilation
can avoid invasive airway management, but it also has failure rates
of 30%–70% when used for acute respiratory failure (Rolle et al.,
2022), and over 20% incidence of adverse events when used for
chronic respiratory conditions (Wilson et al., 2020). Therefore, we
sought a drug that produces minimal respiratory depression.
Third, constant sedation requires plans to manage urine, solid
waste, and nutrition. In medical settings, catheters to manage these
needs also have high failure rates and complications (Gomes et al.,
2015). Therefore, we targeted a regimen that included some waking

time during each 24-h period during which a participant could
self-manage nutrition and excretion.

Experimental design overview

We planned a three-phase study to 1) test the dosing and
metabolic effects of a non-intravenous A2AR agonist for light
sedation during a 6-h laboratory visit; 2) assess the degree of
metabolic reduction achieved by our selected drug over a 24-h
laboratory visit; and 3) evaluate the tolerability and feasibility of the
protocol, as well as the ability to reduce metabolic rate and increase
sleep time to 80% over five experimental days. The primary outcome
for these experiments is the change in metabolic rate during the
intervention relative to baseline. We measure the baseline resting
metabolic rate in each participant prior to initiation of the drug, and
then observe the change in metabolic rate over time following drug
administration. We collect an array of physiologic data as well as
blood samples for pharmacokinetic analysis. Participants complete
serial psychophysiological batteries. We use performance and non-
invasive muscle composition measures to assess changes in muscle
health and function.

Physiological and psychometric measures

In Phase 1 and Phase 2 experiments, we measure O2

consumption and CO2 production captured via canopy (during
rest) or facemask (during exercise) using a Parvo TrueOne
2400 metabolic cart (Parvo Medics, Salt Lake City, UT,

FIGURE 1
Rationale for Approach. Point (A). At baseline, humans sleep 30% of the day and have a resting metabolic rate around 1.0 METs. Point (B). Increasing
sleep duration to 80% of the day reduces daily O2 and fuel consumption by 20%. Point (C). Reducing metabolic rate during sleep to 0.8 METs further
reduces O2 and fuel consumption to 30% below baseline.
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United States). The difference between ambient and exhaled CO2

and O2 values allows calculation of oxygen consumption (VO2),
CO2 production (VCO2), respiratory exchange ratio, and total
energy expenditure (de and Weir, 1948). In Phase 3, we measure
changes in metabolic rate using both serial indirect calorimetry
assessments via the Parvo metabolic cart as well as the gold-standard
doubly labeled water method.

Additional physiologic measurements include
electrocardiogram, respiratory rate, pulse plethysmography, blood
pressure, and core temperature. We use an ingested telemetry
capsule (eCelsius, BodyCap, Herouville Saint-Claire, France) to
continuously capture gastrointestinal core temperature. In Phase
1 experiments we examined heat flux from the body surface using
one-cm2 sensors on the forehead, torso, arm and leg; we collected
respiratory rate using a circumferential chest belt; and we used
bioreactance to measure cardiac stroke volume and estimate cardiac
output. We simplified our array of physiologic sensors and
monitoring for longer Phase 2 and Phase 3 experiments for
subject comfort, and focused on collecting continuous
electrocardiogram, pulse plethysmography, and core temperature
with serial blood pressure measurements.

We measure changes in muscle composition using electrical
impedance myography (EIM, Myolex device, Myolex, Boston, MA,
United States), a non-invasive method to measure muscle fiber
consistency based on the properties of electrical impedance and
capacitance that can be altered by free water, connective tissue, and
fat (Sanchez and Rutkove, 2017; Rutkove and Sanchez, 2019). EIM
allows us to evaluate changes in muscle composition over time and is
highly reproducible. Previously, EIM has been employed to measure
changes in muscle composition and health in neurodegenerative
diseases like amyotrophic lateral sclerosis (Tarulli et al., 2009), and
has been used in rats to measure changes induced by partial weight-
bearing and hindlimb suspension models of atrophy that simulate
weightlessness-induced muscle changes, (Mortreux et al., 2018),,

(Mortreux et al.),, (Mortreux et al., 2019a; Semple et al., 2020), as
well as in mice in low earth orbit (Sung et al.). Presently, we are using
EIM as a virtual muscle biopsy (Mortreux et al., 2019b) in Phase
2 and Phase 3 experiments to track changes in muscle groups highly
susceptible to unloading/disuse atrophy: Tibialis Anterior,
Gastrocnemius, Quadriceps Femoris, Biceps Brachii. For our
experiments, EIM is obtained prior to drug initiation and again
prior to exercise at Time 23-h post drug initiation.

We also conduct functional strength assessments measuring
changes in isokinetic muscle strength andmean power (e.g., changes
in peak torque and concentric/eccentric velocity) to assess muscle
health and function for Phase 2 and Phase 3 experiments. Grip
strength, considered the simplest strength test and a vital sign of
health to follow over time, is obtained at baseline (using a Jamar
dynamometer, Chicago, IL, United States) and at the end of each
drug administration period in Phase 1, 2, and 3 experiments.

During the 5-day protocols, we collect plasma and urine samples
to measure changes in creatinine kinase M, nitrogen, 3-
methylhistidine, glucose, and ketones as surrogates for catabolic
or anabolic states. We hypothesize that the increased proportion of
low activity time, combined with reduced caloric intake, could result
in a catabolic state.

Finally, we employ a suite of computer-based psychometric tests
to assess attention, memory, information processing, and fine motor

skills (Joggle Research, Seattle, WA, United States) (Basner et al.,
2015) as well as multidomain performance under increased task load
(Multiple Attribute Test Battery-II). (Hart, 2006).

Phase 1
In Phase 1, we evaluated the ability of two A2AR agonists,

combined with external cooling using gel-adhesive pads on the back
of the torso (Arctic Sun, Franklin Lakes, NJ, United States), to reduce
metabolic rate and core temperature. We tested dexmedetomidine
(single 1 μg/kg sublingual dose vs single 4 μg/kg dose swallowed
orally vs single sublingual loading dose of 2 μg/kg followed by a
1 μg/kg/hour dexmedetomidine subcutaneous infusion for 6 h) and
tizanidine (8 mg or 16 mg dose taken once orally). The protocol
methods for Phase 1 have been described in detail elsewhere
(Callaway et al., 2024). For Phase 1, we recruited healthy
volunteers aged 18–55 years, without significant comorbidities
(non-smokers without sleep disorders or chronic medical
problems) and of typical body weight (>55 kg), body mass index
(18.5–30 kg/m2), resting heart rate (50–100 beats/minute), resting
blood pressure (100–150 systolic, 60–90 diastolic), normal
electrocardiogram (no conduction abnormalities or
dysrhythmias), Epworth Sleepiness Scale (<11), and maximum
oxygen consumption (VO2 max, must be greater than one
standard deviation below the mean for age or less than two
standard deviations above the mean for age). We used the Bruce
Treadmill Protocol (Will and Walter, 1999) with Parvo TrueOne
2400 metabolic cart and face mask (Parvo Medics, Salt Lake City,
UT, United States) to assess VO2 max.

Phase 2
In Phase 2, we tested if a loading dose of dexmedetomidine

(2 μg/kg sublingual) followed by an 18-h subcutaneous infusion of
dexmedetomidine (either 0.5 μg/kg/hour or 1.0 μg/kg/hour,
randomized) could induce 20-h of rest or sleep during a 24-h
laboratory session. In this phase of the study, we streamlined
several physiologic assessments to minimize the intrusiveness of
various sensors and monitors. Subjects completed the same
screening processes as in Phase 1. To determine baseline activity,
participants completed 1 week of actigraphy and a sleep diary prior
to the study day. Participants then repeated actigraphy and sleep
diaries for 1 week after protocol to assess post-protocol recovery.

We assessed participants’ ability to complete an exercise
regimen at 23-h after the start of drug infusion because regular
exercise will be critical for maintaining muscle health on a long-
duration space mission. Participants performed a series of isometric
exercises while lying reclined in a stretcher before moving on to a
series of resistance exercises based around an isoinertial flywheel
(Table 1). The exercise regimen takes approximately 1 hour with
built-in rest between sets. Participants are fitted with a facemask to
capture their VO2 during exercise. We used EIM to non-invasively
ascertain information regarding muscle health and we obtained
measurements before drug initiation and again prior to exercise at
23 h after the start of drug.

Participants may eat and drink at any time during the protocol;
however, they are encouraged to ingest a minimum of one-16 oz
bottle of Gatorade, one-16 oz bottle of water, and one-10 oz protein
shake (either vegan pea protein or whey-based protein) prior to
engaging in exercise.
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Phase 3
Phase 3 is a proof-of-concept study in which participants will

engage in five consecutive 24-h protocols (Figure 2), flanked by 1-

week actigraphy and sleep diary assessments. Doubly labeled water
is used to calculate total energy expenditure over the 5-day period.
Doubly labeled water is a non-invasive technique that relies on the

TABLE 1 Exercise protocol for Phase 2 and Phase 3 experiments.

Exercise Repetitions Rest between sets Sets

In-Bed Warm-up

Quadricep Sets 10 per leg, 5 s hold per leg 5 s between reps 1

Straight Leg Lifts (45°) 10 per leg, 5 s hold per leg 5 s between reps 1

Hip Abduction Straight Leg 10 per leg, 5 s hold per leg 5 s between reps 1

Hand Iso-ball squeeze 15 s best effort contraction 15 s 4

Thigh Iso-ball squeeze 15 s best effort contraction 15 s 4

Standing Warm-up

Bodyweight Squats 10 1 min 2

Bodyweight calf raises 10, 5 s hold at the top of each rep 1 min 2

Bodyweight good mornings/dead lifts 10 1 min 2

Flywheel Exercise Protocol

Squat (use belt) 12 2 min 3

Strict Hold/Static Hold 10 (4 s hold, 4 s off) 2 min 3

Mid-Thigh Pull 10 2 min 3

Calf Raises 8 1 min 4

Cool Down

Dynamic Stretching/Breath work

FIGURE 2
Phase 2 and 3 Experiment Overview In Phase 2, the participant undergoes a resting metabolic rate, then the subcutaneous infusion is initiated and
the participant lies quietly for up to 20 h. Subsequently the participant exercises while having their oxygen consumption measured. The participant also
performs cognitive testing before, during and after the drug infusion. This cycle is repeated for a total of five 24-h periods in Phase 3.
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rates of excretion of heavy isotopes of oxygen and hydrogen, from a
specific dose of water, to calculate energy expenditure (Trabulsi
et al., 2003; Tooze et al., 2007). Pre-study and post-study dual x-ray
absorptiometry will be obtained, in addition to daily EIM
measurements, to assess changes in body composition (i.e., fat
mass and fat-free mass). Nutrition is of paramount importance
to muscle health and function and a participants’ ability to perform
daily tasks during long duration space flight. In consideration of the
impact of prolonged bed rest, we also developed a diet with rational

composition and timing to optimize lean body mass preservation
and accompany the exercise regimen (Figures 3, 4).

Discussion

Innovative solutions that maintain or augment crew
performance and health can increase feasibility and safety of
long-duration space missions. Crew performance and health is

FIGURE 3
NASA Standard Diet (control diet) based on National Academy of Medicine Dietary Reference Intake Equations*.

FIGURE 4
Tailored nutrition strategy.
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paramount to the success of anticipated Moon andMars missions. A
quasi-torpor state can reduce consumable payload, which is
necessary given the lack of available resupply options, and reduce
psychological stress, which is a risk for years-long missions. Even in
lunar or cis-lunar missions, quasi-torpor could be an emergency
countermeasure for critical situations where life support becomes
limited. For example, reducing metabolic rate could slow the
accumulation of CO2 after a catastrophic failure of CO2 removal
systems long enough to allow rescue, repair, or return to earth.

However, to date there are no prior studies testing or
implementing quasi-torpor in humans. We are providing proof-
in-principle of the tolerability, feasibility, and side-effects of this
intervention. We are also determining how skeletal muscle health
and performance are affected by this quasi-torpor state. Our results
so far show that it is feasible to reduce human metabolism using
non-intravenous A2AR agonists combined with minimal external
cooling (Callaway et al., 2024). If this strategy is tolerable over 24-h
and 5-day protocols, rapid deployment may be possible. Focusing on
quasi-torpor as a means to study changes in skeletal muscle health
and performance, and changes in cognition and psychological stress,
will also have implications for terrestrial situations that result in
prolonged confinement (e.g., austere environments such as
submarine or remote scientific or military base; protracted critical
illness). The findings of this three-phase study will be directly
applicable to current and near-term long-duration space missions
and will identify physiological and practical questions that need to
be answered for rapid deployment in the next few years. Potential
protocols will require more testing in ground analogs of long-
duration space missions.

In the next sections, we discuss our reasoning for certain
decisions made when planning our experiments and lessons
learned from our results to date. We have successfully completed
Phases 1 and 2 of our three-phase experimental plan, and are
currently enrolling in Phase 3, during which time we will
incorporate doubly labeled water to quantify energy expenditure
over the 5-day period. Our rationale was informed by the wealth of
information already available in the anesthesia literature, animal
torpor and hibernation studies, the NASA Technical Reports Server
archives, and bed rest literature regarding exercise and nutrition
countermeasures. There are many remaining questions that require
solutions prior to testing of this protocol in ground analogs of long-
duration space missions. As we implement different phases of this
experiment we are left with more questions and knowledge gaps
than at the outset.

Sedative medications

We considered previous studies of sedative medications’ effects
on metabolism and known mechanisms of action and side effects
when selecting candidate medications for this protocol. There are
multiple sedative and hypnotic medication classes and intraclass
options that can prolong sleep and potentially inhibit cold-induced
thermogenesis, thereby reducing the resting metabolic rate. We
sought to test medications that are unlikely to be habit-forming
or abused and that do not induce respiratory depression or deep
sedation. We also desired a rapid onset and cessation of drug effects
for safety reasons; if a future astronaut needs to emerge from quasi-

torpor during an emergency, a medication with a short half-life and
inactive metabolites provides faster return to baseline. Additionally,
we need a drug formulation that does not require intravenous
administration as this is not feasible for long-duration
spaceflight. These parameters immediately precluded the use of
inhaled anesthetics, ketamine, propofol, opioids, sedating
antidepressants, melatonin, and sedating antipsychotics.

Benzodiazepines have been used in prior low earth orbit
missions as needed (Dijk et al., 2001), and at high doses have
been shown to reduce metabolism and lower the cold
thermogenesis temperature threshold (Kurz et al., 1995; Hostler
et al., 2009). Benzodiazepines also alter rapid eye movement sleep
(REM) and deep sleep resulting in degradation of sleep quality
following use as well as a rebound increase in REM sleep after
cessation of use. (Griffin et al., 2013; Kales et al., 1975), These drugs
impair performance and can have significant carry-over effects into
subsequent work cycles (Griffin et al., 2013). Additionally,
benzodiazepines have the potential for abuse, induce respiratory
depression, and can quickly result in tolerance requiring higher
doses to maintain the same effect (Griffin et al., 2013). Similarly,
barbiturates are known to result in even greater respiratory
depression, sleep disturbances, decreased performance, and have
a high potential for tolerance and abuse. (Kales et al., 1975).,
(Skibiski et al., 2024),

Non-benzodiazepine sedative-hypnotic agents include selective
gamma-aminobutyric acid-A (GABAA) agonists such as the
imidazopyridine zolpidem (Ambien), the cyclopyrrolones
zopiclone and eszopiclone (Imovane and Lunesta, respectively),
and the pyrazolopyrimidines zaleplon (Sonata) and Indiplon
(Monti et al., 2015). Their selectivity reduces unwanted side
effects of tolerance, abuse, and rebound insomnia compared to
other sedative-hypnotic medications including benzodiazepines
and barbiturates, and also reduces alteration of non-REM and
REM sleep architecture (Monti et al., 2015). All agents in this
class are relatively rapidly acting with relatively short half-lives in
their immediate-release forms (Monti et al., 2015); however, only
oral formulations are available which limits titration of these drugs
for longer periods of time. These drugs have been used by NASA
previously, but effects on metabolic rate are not known. Alternative
formulations may make them suitable for testing in a future
metabolic reduction study.

A1-adenosine receptors are highly distributed in the central
nervous system and peripherally. A1-adenosine receptors are of
interest as drug targets because animals such as ground squirrels
increase their levels of adenosine monophosphate during
hibernation via activation of these receptors (Frare and Drew,
2021; Jinka et al., 2011; Silvani et al., 2018). A1-adenosine
receptor agonists have been investigated in mice and rats where
they produce significant hypotension; demonstration of safety in
larger animals is an area for ongoing research (Silvani et al., 2018).
No human trials are yet available; therefore, these drugs may have
potential use applications in the future but are not yet suitable for
our experiments.

Orexin receptor antagonist drugs are a relatively newer class of
medications to treat insomnia (Herring et al., 2012; Scammell and
Winrow, 2011). Orexin receptors are found in the hypothalamus
and are vital for wakefulness; narcolepsy develops due to damage or
loss of orexin-producing neurons (Scammell and Winrow, 2011;
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Grimaldi et al., 2014). Orexin receptors are concentrated in the brain
with minimal distribution in the periphery, resulting in fewer off-
target effects by orexin receptor antagonists such as respiratory
depression or hemodynamic instability, though the drugs can blunt
the response to hypercarbia (Scammell and Winrow, 2011). These
drugs do not appear to promote dependence or abuse. (Herring
et al., 2012; Scammell and Winrow, 2011), Existing orexin receptor
antagonists have a long half-life (9–13 h for a standard dose), so they
are currently not ideal for our protocol (Herring et al., 2012).

Primary A2AR agonists include dexmedetomidine, tizanidine,
xylazine, lofexidine, clonidine, guanabenz, guanfacine, and
medetomidine (Giovannitti et al., 2015). A2AR agonists produce
sedation via central inhibition of norepinephrine release from the
presynaptic neuron resulting in reduced ascending noradrenergic
activity (Giovannitti et al., 2015). Peripheral effects of
norepinephrine and sympathetic inhibition include decreased
blood pressure and heart rate (Giovannitti et al., 2015). A2AR
agonists have varying affinities for alpha-1 and alpha-2 receptors,
which may explain why different drugs in the class have varying
degrees of hemodynamic change at doses that are equipotent for
sedation (Giovannitti et al., 2015).

Xylazine and medetomidine are commonly used in veterinary
anesthesia (Kamibayashi et al., 2000). They have both been found to
be contaminants in the global fentanyl supply and can result in
severe soft tissue destruction; therefore, they are not attractive
candidates for our protocol (Drug Enforcement Administration,
2022). Clonidine and guanfacine are commonly used as
antihypertensives, but they also possess sedative effects and have
been used for opioid withdrawal and well as in autism spectrum
disorders and attention deficit and hyperactivity disorders
(Giovannitti et al., 2015; Kamibayashi et al., 2000). Clonidine is
also sometimes used as an intravenous sedative outside the
United States (Kamibayashi et al., 2000). Guanabenz is an older
antihypertensive no longer used in the United States, so it is not an
ideal candidate for our protocol (Kamibayashi et al., 2000).
Clonidine and meperidine reduce post-operative shivering
through their central A2AR effects, but meperidine is a
potentially addictive opioid receptor agonist that can result in
marked respiratory depression (Kamibayashi et al., 2000).
Clonidine has been shown to reduce metabolic rate in a previous
study (Takahashi et al., 1997). Lofexidine, similar to clonidine, has
antihypertensive properties but is more commonly used to manage
opioid withdrawal symptoms, though it carries a risk of QT-
prolongation. Clonidine, guanfacine, and lofexidine have lengthy
half-lives, which make them less titratable. We considered this a
disadvantage for the purposes of our protocol.

Tizanidine is a commonly prescribed muscle relaxant and
produces mild sedation as a side effect (Giovannitti et al., 2015).
It is orally administered and generally well tolerated with minimal
hemodynamic effects. Dexmedetomidine is usually administered
intravenously, but it is also absorbed from mucous membranes and
after enteral administration. It was recently approved for agitation as
a sublingual film, and it is also available intranasally. We have
explored intravenously administered dexmedetomidine in multiple
previous studies (Callaway et al., 2015; Rittenberger et al., 2019;
Flickinger et al., 2024; Rittenberger et al., 2021). A single bolus of
1 μg/kg dexmedetomidine can reduce shivering after cooling with
intravenous fluids for up to 90 min (Callaway et al., 2015).

Continued infusions at up to 1.5 μg/kg/hour allow sustained
reductions of core body temperature (Rittenberger et al., 2019;
Flickinger et al., 2024). After considering these and other A2AR
agonist drugs, we chose to test tizanidine and dexmedetomidine in
our Phase 1 trials.

In our current experiments, sublingual dexmedetomidine
increased plasma levels to sedating levels within 20–30 min
(Callaway et al., 2024). Swallowed oral dexmedetomidine had
variable absorption which is perhaps affected by stomach
contents or emptying. Dexmedetomidine has a rapid elimination
and offset, which makes it more easily titrated relative to tizanidine.
A sustained-release dexmedetomidine formulation could provide
for longer drug delivery but would be less titratable. Ideally, a
transcutaneous delivery system such as a patch, which exists for
another A2AR agonist (Clonidine), could facilitate titration and
accurate timing of drug-induced metabolic reduction for longer
periods while allowing for more immediate cessation of drug effects
than an ingested formulation. Currently, there is no available
transcutaneous delivery system for dexmedetomidine; we are
presently using a subcutaneous infusion as an approximation of a
transcutaneous patch in our 24-h and 5-day protocols. This delivery
system provides reliable and titratable plasma levels of drug with the
ability to immediately discontinue drug delivery in cases of marked
bradycardia or hypotension. The subcutaneous infusion is a
minimally invasive approach for drug delivery, and we use the
same subcutaneous catheters at those employed for insulin pumps in
diabetes. These catheters can be maintained long-term and if needed
can be placed by the user; however, these catheters may require
repositioning every few days and do pose a risk of infection or skin
complications. Given the lack of other transcutaneous delivery
methods immediately available, we will employ the subcutaneous
approach in our 24-h and 5-day protocols as this approach does
provide proof in principle.

In our studies, alpha-2-adrenergic agonists did not reduce
respiratory rate by any clinically significant amount (Callaway
et al., 2024; Flickinger et al., 2024). Continuous pulse-oximetry
detected no change in oxygenation during drug-induced sleep
(Callaway et al., 2024). Dexmedetomidine is used in medical
settings to facilitate weaning from mechanical ventilation,
specifically because it can sedate without affecting respiratory
drive or airway reflexes. Therefore, these drugs have a desirable
profile relative to other anesthetics that cause respiratory depression
or loss of airway protection. In a series of experiments comparing
routes and doses of dexmedetomidine, inhibition of cold-induced
thermogenesis was more reliable with plasma levels of 0.2–1.0 ng/
mL (Callaway et al., 2024). These levels were achieved with oral
bolus doses of 4 μg/kg or subcutaneous infusions of 1 μg/kg/hour
(Callaway et al., 2024).

Sleep

It is well known that astronauts generally have decreased sleep
length on mission despite allowance for 8-h rest cycles (Dijk et al.,
2001; Jones et al., 2022; Stampi, 1994). Astronauts demonstrate
desynchronization of hormonal and activity rhythms from the
artificially prescribed circadian schedule during space flight,
resulting in cumulative sleep deprivation (Dijk et al., 2001).

Frontiers in Space Technologies frontiersin.org08

Weissman et al. 10.3389/frspt.2024.1457487

https://www.frontiersin.org/journals/space-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frspt.2024.1457487


Hence, sleep medications are the second most commonly used
medications during low earth orbit missions. (Dijk et al., 2001;
Barger et al., 2014) We chose to maintain a 24-h earth-based cycle
but alter the rest period by increasing rest time to 20-h with 4 hours
of activity for our Phase 2 and 3 proof-of-concept ground-based
studies. This choice allowed us to maximize potential metabolic
reduction during the rest time while minimizing overall alterations
in the 24-h earth-based cycle. It also simplified scheduling of
laboratory activities. Because any quasi-torpor intervention could
dramatically disrupt many circadian rhythms, alternative rest:
activity ratios and total times should be investigated. For
example, Mars has a 24.6-h day and synchronizing to the
destination clock might optimize crew performance and
wellbeing. Alternatively, longer rest:activity cycles, such as 30 or
36 h, might maximize metabolic savings.

Longer sleep durations have positive effects on astronaut
neurobehavioral functioning in low earth orbit missions, (Dijk
et al., 2001; Jones et al., 2022) yet too much sleep may indeed be
detrimental to astronaut wellbeing or perceptions thereof. We
hypothesize that longer durations of rest will reduce the
opportunities for crew conflict and dysphoria from confinement
on long-duration space missions in cramped quarters, in addition to
reducing consumable requirements. However, extensive cognitive
and psychological testing will need to be performed to determine
whether a prolonged sleep strategy truly provides psychological
benefit. Furthermore, sleep architecture is known to be altered
during low earth orbit missions (Dijk et al., 2001; Koller et al.,
2021; Monk et al., 1998) and it is unknown if a sedation-induced
prolonged sleep countermeasure strategy affects sleep architecture.
We are collecting limited electroencephalographic data during the 5-
day protocols, but longer-term monitoring is necessary for more
robust assessments of sleep architecture. This highlights a critical
knowledge gap to our protocol and any similar
countermeasure strategy.

Exercise

Exercise is presently the main approach to reduce muscle
atrophy that occurs due to unloading of the body during low
earth orbit space missions. Aerobic exercise is the primary
countermeasure for protection from aerobic deconditioning
(measured by pre-flight to post-flight changes in maximal oxygen
consumption, VO2max). Yet appreciable declines in VO2max and
general aerobic conditioning still occur and knowledge gaps
regarding optimization of exercise protocols for long-duration
space missions remain (Rivas et al., 2023). Additionally, aerobic
exercise is metabolically demanding and it is unknown how it might
impact the metabolic reduction desired during a quasi-torpor state.
Resistance exercise training, which is used to minimize muscle
atrophy and preserve muscle strength and quality (Rivas et al.,
2023), also attenuates VO2max losses as well as muscle atrophy in
ground-based bed rest analogs and during space flight (Ploutz-
Snyder et al., 2018; Stremel et al., 1976; Engelke et al., 1998;
Greenleaf et al., 1989). Therefore, designing a less metabolically
expensive protocol focused on resistance exercise could protect
muscle architecture and function as well as reduce the decline in
VO2max during long-duration space missions. We developed a

specific exercise protocol (Table 1) built around devices with
small physical footprints, and we are monitoring the metabolic
cost of this protocol during our trials. The flywheel and the isometric
ball used in this protocol conform to the space restrictions expected
on Artemis and Mars missions. Comparing the muscle-preserving
efficacy of this metabolically less-costly protocol to current aerobic
protocols will be an important future study.

Nutrition

Appropriate nutrition during long-duration space missions can
also help to prevent muscle atrophy and ensure astronauts’ safety
and mission success. Inadequate food and nutrition is one of the
highest priority risks for the Human Research Program and is
currently assessed as a 3x4 LxC risk, meaning that it has a High
Likelihood of occurring (>1%), and High Consequences for both
mission health and performance (e.g., death, severe reduction in
performance), and for long term health (e.g., major impact on
quality of life) (NASA Human Research Roadmap) Despite the
existence of a standardized diet for moderately active adults (Baba
et al., 2020), astronauts experience significant energy deficits
resulting in weight loss (Matsumoto et al., 2011) as large as 5 kg
per month (Stein et al., 1999), which can lead to reduced protein
synthesis and loss of lean mass. This energy deficit is mainly caused
by two factors: astronauts do not have a sufficient caloric intake
(Stein and Blanc, 2011; Heer et al., 2000) and in-flight exercise
countermeasures significantly increase total energy expenditure
(Bergouignan et al., 2016). As plans develop for longer-term
space missions, increased research is needed to optimize health
and performance of astronauts and reduce health risks. (Smith et al.,
2005; Smith and Zwart, 2021; Tang et al., 2021; NASA, 2020;
Smith et al., 2021) Given that the loss of lean tissue often seen
with space missions is associated with detriments to multiple organ
systems (Smith et al., 2005; Smith and Zwart, 2021), it is critical that
lean tissue be preserved as much as possible. Doing so requires that
the exercise performed during space missions is fueled by ample
energy and provision of the necessary macro- and micro-nutrients
(Smith and Zwart, 2021). In addition to the recognized demands of
long-duration space missions, the interaction of a quasi-torpor state
with muscle mass and nutritional status remains unknown. For our
Phase 1 and Phase 2 experiments we did not mandate a pre-study or
on-study diet. However, for Phase 3 we are implementing a specific
diet regimen designed to minimize glucose shifts and muscle
catabolism during the prolonged sleep period while maximizing
energy availability during the short awake period. Future studies will
need to evaluate in more depth what the optimal timing and
composition of nutrients is to support resting metabolic rate
reduction and lessen muscle disuse atrophy, bone resorption, and
other untoward catabolic events.

Cooling

We have extensive clinical and laboratory experience with light
to moderate external cooling (Moore et al., 2008; Sonder et al., 2018;
Callaway et al., 2020; Callaway et al., 2015; Rittenberger et al., 2019;
Flickinger et al., 2024; Hostler et al., 2009; Rittenberger et al., 2021).
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External cooling used in clinical applications, such as after cardiac
arrest, reduces many physiologic processes and our hypothesis for
this experimental series was that sedation plus active light external
cooling would be synergistic and compounding to reduce overall
metabolism. Our experiments to date have found that central body
temperature slowly falls after sedation and causes a reduction in
metabolism (Callaway et al., 2024). This is consistent with a loss of
total body heat content after a reduction in heat production (Elmer
and Callaway, 2023). An important observation from our trials is
that we do not require very cold external cooling; contact of skin
with circulating water at 20°C-25°C will remove enough heat to
facilitate a 1-2°C decrease in core body temperature from baseline
without causing discomfort (Callaway et al., 2024). It remains to be
seen if there is a synergistic effect of hypothermia and sedation on
metabolic reduction.

Knowledge gaps

Several major areas require further investigation. Determining the
optimal exercise strategy (including exercise type, timing, duration, and
frequency of training) to minimize muscle atrophy and loss of strength
incurred during both the quasi-torpor protocol and long-duration space
missions is critical to ensure crew safety and wellbeing. The exercise
strategy also needs to balance the metabolic cost of exercise with
maintenance of muscle volume and strength. Equally as important,
defining the optimal nutrition strategy (including meal composition,
micronutrients and supplements, and timing of ingestion of proteins,
carbohydrates, fats, and fluids) to reduce muscle catabolism and
promote lean muscle mass maintenance, or even enhance muscle
protein anabolism, is vital to success of the quasi-torpor strategy.
We also need to understand the physiological and psychological
effects of repeated bouts of prolonged sleep over a longer period,
such as several weeks or months. Additionally, we need to evaluate
the physiological effects of prolonged sleep and metabolic reduction in
microgravity, including whether the quasi-torpor protocol reduces
susceptibility to the effects of radiation or microgravity. Other
physiologic effects also require scrutiny, such as the short and long-
term consequences of prolonged sleep and dexmedetomidine on both
in-protocol and post-protocol sleep and sleep architecture; and the
safety, tolerance, withdrawal, and possible addiction profile for long-
term dexmedetomidine administration. Microgravity and radiation
may additionally affect the shelf-life of any drug, pharmacologic
testing of any candidate drug will be necessary to ensure fidelity
during long-duration space missions. For example, the terrestrial
shelf-life of dexmedetomidine is 2 years for undiluted unopened
vials, while the diluted shelf-life is 48-h at room temperature or 14-
day at refrigerated temperatures; the current drug stability would not
suffice for a round-trip to Mars (Marquis et al., 2017). Finally, many
logistical hurdles must be resolved, including but not limited to whether

astronauts can safely self-administer this protocol routinely, and if
astronauts can perform emergency or mission critical tasks during and
following this protocol.
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