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Abstract: Background: The resurgence of interest in space exploration has highlighted the potential 

use of an induced torpor-like state for long-duration human space missions. Sedative agents, 

historically utilized for inducing unconsciousness and inactivity in clinical procedures since the mid-

1700s, are being explored as tools to facilitate synthetic torpor for space travel. Objective: To assess 

the feasibility of adapting sedative agents to induce and maintain a torpor-like state for extended 

space missions, addressing the physiological and pharmacological challenges, and evaluating their 

potential protective effects against the harsh conditions of spaceflight. Torpor is characterized by 

reduced body temperature and metabolic rate, often accompanied by decreased brain function, heart 

rate, respiratory rate, circulation, and motor activity. These features are critical for mitigating the 

physiological demands of long-duration space missions. Methods: This systematic review evaluates 

current research on the mechanisms regulating torpor induction, maintenance, and arousal. It also 

examines the pharmacokinetics and pharmacodynamics of sedative agents, particularly inhalation 

anesthetics, and their potential to mimic torpor-like physiological states. Findings: Sedative agents 

are well characterized for their effects during anesthesia phases but present significant challenges in 

replicating the protective and metabolic features of torpor. Adapting these agents for spaceflight 

requires overcoming obstacles such as prolonged drug administration, limited arousal control, and 

counteracting the adverse effects of microgravity and radiation exposure. Synthetic torpor offers 

potential as a countermeasure to the challenges of long-haul space exploration. However, its 

implementation requires addressing the limitations of current sedative agents and optimizing them 

for extended use. Inhalation anesthetics demonstrate promise but require further investigation into 

their safety, efficacy, and long-term effects in spaceflight conditions. Conclusion: Inducing a torpor-

like state with sedative agents represents a promising avenue for supporting long-duration human 

space missions. Further research is needed to refine the pharmacological approaches, ensure safety, 

and enhance the protective effects against spaceflight stressors. 
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exploration; inhalation anesthetics; metabolic reduction; microgravity; spaceflight countermeasures; 

torpor induction and maintenance; pharmacokinetics; pharmacodynamics; spaceflight physiology; 
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1. Introduction 

1.1. The Rise in Space Exploration and Its Challenges 

The 20th century realized the beginning of space-related missions, originally a manifestation of 

the geopolitical competition to be the first to send man to the Moon (1). The space race quickly 

evolved into international cooperation for scientific research fueled by the prospect of economic 

returns and by 2011 there were over 60 active space mission with data showing a year-on-year 

increase in payloads sent into orbit (2, 3). Today, this international cooperation between commercial 

and international partners has culminated in NASA’s Artemis Programme which aims to develop a 

lunar base and innovative technologies that will set the foundations for a human mission to Mars (4). 

This would entail a 7-month transit from Earth to the red planet, a year-long stay and a 7-month 

return journey, considering favorable orbital alignments. It is with this earth-independent 

interplanetary travel ambition, that a whole new set of challenges arises. To elaborate, a journey of 

this length will require advancements in the space food system particularly long shelf-life foods with 

high nutritional value. Interplanetary travel will also require effective strategies to combat the 

increased exposure to microgravity and galactic cosmic rays when traveling beyond Earth’s 

gravitational field and magnetosphere. High-energy galactic cosmic rays pose a serious threat to the 

integrity of cellular DNA in astronauts (5) as they can cause double-strand breaks, increasing the 

chance of cell death, mutagenesis or promoting the development of cancer (6). Additionally, 

prolonged exposure to microgravity increases bone resorption (7) and causes skeletal muscle atrophy 

(8). Considerable research has been carried out to evaluate effective countermeasures ranging from 

anti-oxidant supplementation to counter reactive oxygen species, shielding materials against 

radiation (9), or resistive exercise routines to counteract muscle atrophy from disuse in microgravity 

(10, 11). An induced torpor-like state has emerged as a single countermeasure that might mitigate 

against many these space-related health challenges, and has been the source of much discussion in 

the scientific community (12). 

1.2. Systematic Review 

The objective of this systematic review was to comprehensively explore and synthesize existing 

research on the physiological, technological, and medical adaptations required for long-duration 

space exploration. Specifically, it aimed to: 

• Investigate advancements in bioastronautics, focusing on human performance optimization 

and medical innovations to support astronauts in extreme environments. 

• Examine the potential of hibernation and metabolic modulation as strategies for reducing 

metabolic demands and improving safety during extended space missions. 

• Analyze the applications of therapeutic hypothermia and anesthesia in space, particularly their 

relevance to critical care and long-duration missions. 

2. Methodology 

This systematic review was conducted following the PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) guidelines to ensure transparency and rigor. The process 

involved four key phases: identification, screening, eligibility, and inclusion. 

2.1. Identification 

A comprehensive search strategy was developed to capture all relevant literature over the past 

two decades. The search was conducted in multiple electronic databases, including PubMed, Scopus, 

Web of Science, and IEEE Xplore. Search terms and combinations included keywords such as “space 

exploration,” “bioastronautics,” “hibernation,” “therapeutic hypothermia,” “radiation protection,” 

“metabolic adaptation,” and “anesthesia in space.” Additional records were identified through 

manual searches of reference lists and conference proceedings. The search yielded 1482 total records. 
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All retrieved records were exported into reference management software, and duplicate entries were 

removed. 

2.2. Screening 

After duplicates were removed, 1357 unique records were screened based on titles and abstracts. 

The inclusion criteria at this stage required articles to address: Physiological or technological 

adaptations for space exploration, Applications of hibernation, metabolic modulation, or radiation 

protection, Anesthesia or hypothermia methods with relevance to long-duration space missions. 

Exclusion criteria included studies without original data, opinion pieces, and research focused solely 

on terrestrial applications unrelated to space exploration. A total of 88 records were excluded during 

this phase. 

2.3. Eligibility 

The remaining full-text articles were assessed for eligibility using a detailed set of inclusion 

criteria: Peer-reviewed studies, systematic reviews or primary research studies with detailed 

methodologies, studies providing quantitative or qualitative data on space mission adaptations. 

Articles were excluded if they lacked sufficient data, did not meet methodological quality standards, 

or did not address the review’s objectives. 

2.4. Inclusion 

A total of 118 studies were included in the systematic review. These studies were then 

categorized into seven primary themes: torpor (and induced torpor), anesthetics uptake, metabolism, 

multimodal anesthesia, properties of inhalation anesthetics, monitoring, neuromuscular blockade 

and muscle atrophy and metabolism. Data were extracted from the included studies using a 

standardized form that captured the study objectives, methods, key findings, and relevance to space 

exploration. The results were synthesized qualitatively, with emphasis on identifying trends, gaps, 

and implications for future research. 

2.5. Methodological Framework for Systematic Review: Assessing Bias, Effectiveness, and Evidence Certainty 

This review encompasses highly diverse fields—space biology, torpor, and anesthesia—each 

contributing unique insights to address the physiological and technological challenges of long-

duration space exploration. The AMSTAR 2 (A Measurement Tool to Assess Systematic Reviews 2) 

checklist was applied. Each study was classified as having a low, moderate, or high risk of bias, and 

results were used to inform the synthesis process. To minimize the risk of bias in this review, a wide 

range of articles was utilized as sources. Through their analysis, it allowed us to identify recurring 

information as well as gaps in the literature. When information was presented in only a single article, 

efforts were made to locate additional scientific works on similar topics to explain discrepancies and 

validate the findings. Confidence in the reliability of the selected sources was established based on 

the credibility of the databases used for the search, which have been consistently verified and widely 

recognized for their reliability. Additionally, the authors of the chosen studies possess expertise in 

their respective fields, demonstrated by their academic qualifications and professional achievements, 

further supporting the trustworthiness of the sources. 
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Figure 1. Summary of Screening and Critical Appraisal Processes. 

3. Torpor 

Torpor, in its natural form, is a physiological state characterized by a reduction in body 

temperature and metabolism. This is often accompanied by physiological changes such as a reduction 

in respiration, heart rate, and reduced regional brain activity in the neocortex, the reticular formation, 

followed by thalamocortical structures and the limbic system, as measured by EEG and implanted 

electrodes (13-15). It is exploited by heterotherms as a mechanism to conserve energy during times 

of food scarcity and/or low temperatures to increase survival rates (16). It has been estimated that 

around 30-50% the ~5500 species of mammals worldwide are heterothermic, roughly 10% of the 

~10,000 avian species (17) not including the metabolic depression observed during torpor, dormancy 

and aestivation seen in gastropods, fish, and reptile species (18). Each species displays a unique 

phenotype in thermo-regulation and metabolic suppression (19) with smaller mammals tending to 

rely heavily on body temperature reduction to reduce metabolic rate. For instance, torpor utilized by 

the arctic ground squirrel exploits a body temperature as low as -2.9 °C with reductions in metabolism 

of >99% in relation to resting metabolism (14). 
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These reductions facilitate and/or are facilitated by a reduction in heart rate from 200-300 beats 

per minute (bmp) to 3-4 bpm with a significant drop in blood flow and respiration (20). In contrast, 

the hibernating black bear undergoes a drop in core body temperature from 36°C down to 30°C, 

enabling a reduction in heart rate from 55 to as little as 9 bpm, a reduction in respiration from 6-10 

breaths per minute to 1 breath every 45 seconds, with a physiological inhibition of its metabolism to 

approximately 25% of basal rates; below that would be expected from reduced temperatures alone 

(21-23). In comparison to the arctic ground squirrel, whose torpor is interrupted by inter-bout 

arousals used to remove harmful waste products (24), bears can spend up to 7 months in torpor where 

they do not eat, drink, urinate or defecate, utilizing energy stored as white adipose tissue (23). These 

slight decreases in core body temperature are generally reversible and carry a lower risk of the severe 

complications associated with extreme hypothermia (25, 26). Additionally, bears are of a more 

comparable basal metabolic rate and weight to humans than rodents and it is therefore generally 

accepted that this model of torpor may be most practical and achievable in humans (27, 28). 

3.1. Induced Torpor as a Countermeasure for the Challenges of Spaceflight 

An induced torpor-like state in astronauts might alleviate the negative consequences of long-

term space travel and make interplanetary travel safer and more accessible. This has been recognized 

by many of the world’s leaders in the space industry with both NASA (29) and ESA (27) reporting on 

the benefits and viability of an induced torpor-like state utilization for crew during space travel. The 

efficacy of an induced torpor-like state as a countermeasure for radiation has been evaluated in 

studies of induced hypothermia using both in vitro (30) and in vivo (31-33) models that have both 

demonstrated radio-protective effects: reviewed further by Cerri, M., et al. (34). Musacchia et al., for 

instance, demonstrated that hypothermic states in hamsters (35) and hibernating squirrels (36) 

increased mean survival times after irradiation in comparison to normothermic/active controls. In 

addition, Puspitasari et al., revealed that these radioprotective effects are, in part, a result of an 

increase in the expression of protective DNA damage response genes involved in recognizing and 

repairing double-strand breaks (37). In fact, induction of a hypothermic state has been shown to offer 

protective effects even when induced post-irradiation suggesting active reparation mechanisms as 

opposed to passive protective mechanisms (38). During torpor, a hypoxic cellular environment 

involving decreased cellular oxygen concentrations that is achieved as a result of decreased 

respiration, and circulation and sustained by the reduction in metabolism to prevent oxygen 

starvation (39), may confer radio-resistance by decreasing the amount of reactive oxygen species 

(ROS) that can be generated after radiation exposure. This is known as the ‘oxygen effect’ which has 

been known to confer radio-resistance to solid tumors during radio-therapy (40). 

A noninvasive, torpor-like state in rodents has been achieved using transcranial ultrasound 

stimulation targeting the hypothalamic preoptic area (POA). Through closed-loop feedback, mice 

were maintained in a hypothermic and hypometabolic state for over 24 hours. This involved 

activating POA neurons, inhibiting thermogenic brown adipose tissue, and suppressing the 

dorsomedial hypothalamus. Single-nucleus RNA sequencing identified Transient receptor potential 

cation channel, subfamily M, member 2 (TRPM2) as a key ultrasound-sensitive ion channel for this 

effect. The method also induced hypothermia and hypometabolism in non-torpid animals like rats, 

highlighting its potential for safely inducing torpor-like states (41). 

A torpor-like state was induced in zebrafish using melatonin and reduced temperature, followed 

by two rounds of radiation exposure over 10 days. RNA sequencing and qPCR analysis of 

gastrointestinal tract (GIT) mRNA revealed the genomic impact of radiation, torpor, and their 

combination. Torpor was confirmed phenotypically by decreased metabolism and activity levels. 

Radiation alone caused DNA damage and oxidative stress, triggering stress responses like steroidal 

signaling, metabolic shifts, and cell cycle arrest. Induced torpor mitigated these effects by promoting 

pro-survival signaling, reducing oxidative stress, and enhancing the detection and removal of 

misfolded proteins (42, 43). Radiation exposure in the liver disrupted lipid metabolism, absorption, 

wound healing, immune response, and fibrogenic pathways. Induced torpor, however, reduced 
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metabolic activity while enhancing pro-survival, anti-apoptotic, and DNA repair pathways. When 

combined, torpor mitigated radiation-induced damage by activating stress responses while 

preserving DNA repair, pro-survival, and anti-apoptotic processes (44). Transcriptomic analysis of 

zebrafish muscle tissue revealed that radiation exposure upregulated inflammatory and immune-

related pathways, along with a regeneration phenotype mediated by STAT3 and MYOD1, while 

downregulating DNA repair two days post-irradiation. Hypothermia increased mitochondrial 

translation, especially oxidative phosphorylation genes, and downregulated extracellular matrix 

(ECM) and developmental genes. In the torpor + radiation group, hypothermia mitigated radiation-

induced inflammation and ECM gene expression while increasing endoplasmic reticulum stress-

related genes. A comparative genomics analysis with hibernating brown bears identified shared cold 

tolerance mechanisms, including upregulation of protein translation, amino acid metabolism, and 

hypoxia responses, and downregulation of glycolysis, ECM, and developmental genes. These 

findings highlight conserved molecular responses to cold stress and radiation exposure across species 

(45). With regard to the ability of hibernating animals to resist muscle and bone atrophy, further work 

is needed in elucidating therapeutics that can replicate this phenotype. 

3.2. The Targeted Temperature Management Model 

While it remains the view of the scientific community that inducing a torpor-like state in humans 

should be based on replicating physiological changes seen in hibernating animals through conserved 

mechanisms, the use of sedative agents along with active cooling has been proposed as an alternative 

approach. Targeted temperature management (TTM) is a medical treatment that involves sedation 

and cooling of the body to between 32-34 °C with patients being cooled at a rate of 1.5 to 2 degrees 

°C. It is the closest approximation in medicine to an induced torpor-like state, utilizing body 

temperatures similar to those observed in bears during torpor. TTM protocols have been safely used 

for up to 14 days in humans and are globally recognized as a standard of care to improve neurological 

outcomes, reduce tissue damage, and decrease mortality in patients suffering from cardiac arrest or 

neonatal hypoxic-ischemic encephalopathy (34, 46, 47). Randomized clinical trials have demonstrated 

that TTM improves neurological outcomes, as measured by the cerebral performance category, and 

increases survival rates in cardiac arrest patients (48). In ischemic events, anesthetics have been 

shown to reduce cerebral blood flow and oxidative metabolism in the brain in a dose-dependent 

manner, which is believed to contribute to their neuroprotective effects (49). Additionally, 

hypothermia is understood to mitigate excessive glutamate release in the brain, reduce ion pump 

dysfunction that can lead to elevated calcium release, and decrease excess leakage through capillaries 

(50). In replicating a torpor-like state, managed hypothermia in humans reduces oxygen consumption 

by 6% in body tissues and 8-10% in the brain for each °C below normal, such that at 32°C bodily 

tissues and cerebral metabolic activities can be reduced by up to 30% and 50% of their baseline 

metabolic rates, respectively (48). A reduction in cellular oxygen concentration should therefore limit 

ROS generation upon exposure to radiation during space travel, protecting cells and DNA from 

oxidative damage. Furthermore, hypothermia is also known to reduce respiration and the heart rate 

is reduced to from 60-100 beats/min to 40–45 beats/min at 32°C. This heart rate is considered normal 

at this temperature and does not require treatment as the decrease in metabolic rate is equal to or 

greater than the decrease in cardiac output. However, a further drop in body temperature below 30°C 

increases the risk of tachyarrhythmias such as atrial fibrillation and should therefore be avoided (50, 

51). If an induced torpor-like state can be proven beneficial to the health of astronauts against the 

challenges of spaceflight then clinically used anesthetics, which have been well studied and 

characterized, may play a central role it’s induction and maintenance for prospective long-term 

voyages. This view is consistent with the model presented in the SpaceWorks report (29) and a view 

supported by Regan et al., who propose the use of anesthetics to achieve shallow metabolic 

depression for during space travel (52). 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 January 2025 doi:10.20944/preprints202501.0290.v1

https://doi.org/10.20944/preprints202501.0290.v1


 7 of 23 

 

4. Anesthetics 

Modern anesthetics are used in clinical practice and emergency departments to induce and 

maintain a state of controlled and reversible unconsciousness enabling the conduction of invasive 

medical procedures. Most general anesthetics act on the central nervous system to induce 

unconsciousness by stimulating the GABA receptor complex allowing Cl- ions to flow into the nerve, 

leading to hyperpolarisation, however some have been reported to antagonize NMDA receptors 

(Figure 2). One study found that Isoflurane, for instance, inhibits the transmission of high-frequency 

electrical signals in the brain. It reduces the release of synaptic vesicles at presynaptic neurons by 

decreasing calcium influx through calcium ion channels, resulting in measurable and quantifiable 

changes in brain waves that correlate with the depth of anesthesia (53). A systematic review of 

anesthetics used for sedation during TTM, which included 44 studies and protocols from 68 ICUs, 

found that midazolam and Propofol were the most commonly administered sedative agents. 

However, the review also highlighted that existing guidelines did not specify the optimal drug 

combinations for TTM, resulting in variability in the doses used (54). 

 

Figure 2. Schematic illustrating the use of an ideal inhalation anesthetic to suppress brain activity by 

interacting with receptors to induce unconsciousness, while monitoring crucial vital signs to 

automate the regulation of anesthetic depth. Created with BioRender.com. 

The SpaceWorks report which presents TTM as a model of induced torpor proposed the use of 

Dexmedetomidine as a sedative agent due to the low risk of respiratory depression and 

neurocognitive dysfunction (29). However, this work does not detail other potential anesthetic 

agents, or the properties or qualities that might need to be considered when repurposing these drugs. 

We therefore aim to introduce the reader to some fundamental properties of inhalation anesthetics to 

promote discussion on their suitability for advancing and achieving a torpor-like state based on a 

targeted temperature management model. 

4.1. Properties of Inhalation Anesthetics 

The most commonly used technique for maintaining general anesthesia in the USA is through 

the use of inhalation anesthetics (IA) (55). Many of these inhalational anesthetics (IAs) are volatile 

agents that need to be vaporized before inhalation. The most common volatile agents include the 
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fluorinated ethers Isoflurane, Enflurane, Sevoflurane, and Desflurane. Nitrous oxide (N₂O) and 

Xenon, on the other hand, are already in a gaseous state and do not require vaporization. There are 

several qualities that make an inhalation anesthetic an attractive sedative. For practical use, 

inhalational anesthetics should have a pleasant odor, be easily administered with standard 

vaporizers, and be chemically stable and non-flammable. Clinically, they should possess adequate 

potency, allow for rapid induction and recovery from anesthesia, be non-irritating and non-toxic (as 

shown in Figure 2), and exert minimal depression on the cardiac and respiratory systemsIf inhalation 

anesthetics are employed in a model of induced torpor for extended periods, some of these qualities 

may become even more critical (56). 

4.1.1. Potency 

The physical properties of IA can influence their potency. Many IA’s are small, halogenated 

compounds attached to fluorine, bromine, or chlorine atoms (see Figure 3 for molecular structures). 

Higher molecular weight compounds carrying heavier halogen atoms such as chlorine or bromine 

are correlated with increased potency, for example Isoflurane, Enflurane and Halothane. In contrast, 

lower molecular weight compounds such as Desflurane and Sevoflurane carry lighter halogen atoms 

such as fluorine are less potent (57-59). Additionally, an IA’s potency can be measured by its lipid 

solubility whereby more lipophilic gases that have a lower oil/gas co-efficient, possess greater 

potency. The most used measure of potency, however, is the minimum alveolar concentration is the 

(MAC) which describes the amount of vapor needed to render 50% of spontaneously breathing 

patients unresponsive to pain stimulation. More potent gases are expressed with a lower MAC which 

is inversely related to the oil/gas co-efficient (59). When selecting a suitable sedative for long-term 

use, it might seem that a more potent inhalational anesthetic (IA) would be beneficial, as it would 

require smaller doses to achieve sedation, thereby reducing toxicity. However, the selection process 

is more complex, as some highly potent IAs with higher molecular weights, such as halothane, have 

been associated with increased toxicity, as discussed below (60, 61). In addition, Chamorro et al., 

suggest that the pharmacokinetics of intravenous (IV) anesthetics such as Propofol and midazolam 

may be altered under hypothermic conditions leading to increased plasma concentrations that may 

prolong or deepen sedation and lead to increased risk of side effects (54). Similarly, animal research 

(64) and results from studies on the use of IA in children (65) show that hypothermia reduced the 

MAC of these anesthetics thereby increasing their potency, as determined by the Dixon up-and-down 

method. This means that smaller doses may be required to achieve sedation (66) (65). 
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Figure 3. Schematic representation of the molecular structures of halogenated inhalation anesthetics 

and the position of covalently bonded halogens, (including nitrous oxide and excluding xenon). 

Generated using Molview (62, 63). 

4.1.2. Onset/Offset 

The onset/offset of an anesthetic relates to how rapidly anesthesia is achieved after 

administration and how quickly recovery takes place when removed. The onset/offset directly relates 

to the gas’s solubility in blood. Once absorbed in the lungs, the gas distributes according to pressure 

gradients, where low blood soluble gases (with low blood/gas co-efficient) achieve tensions and 

equilibrate more quickly, providing the driving force for entering the brain (67). In other words, 

highly blood-soluble drugs are less able to diffuse out of the blood and have a slower onset of action 

whereas less soluble agents are quicker to diffuse toward the site of action. Molecular properties also 

impact the onset and offset of anesthetics. Highly fluorinated molecules, such as Sevoflurane and 

Desflurane, exhibit lower solubility, which leads to a faster onset and offset of anesthesia (68). The 

onset of anesthesia can be accelerated by using a higher concentration of inspired gas, facilitated by 

increased fresh gas flow, which raises alveolar concentrations. (69). The onset and offset of an 

inhalation anesthetic are crucial factors for long-duration missions, as a faster onset generally leads 

to a quicker recovery from the drug. This is particularly important when considering the need for 

crew arousal in response to emergency situations. Additionally, a faster offset is associated with 

shorter recovery times, which could reduce the need for early arousal and allow for extended use of 

an induced torpor-like state during interplanetary transit. This would help minimize the need for 

resource-intensive weight and maximize the protective benefits of the torpor state, as outlined by 

Bradford et al. (29). Conversely, in relation to hypothermia and anesthetic solubility, Zhou et al., 

observed that IA’s become more soluble in the brain, heart, muscle liver and fat tissue under 

hypothermic conditions resulting in increased tissue/blood partition coefficients as a consequence of 

increased tissue capacity indicating that a delay in recovery from anesthesia may occur (70). Hence, 

the ideal anesthetic should be lowly soluble in blood and tissue. 
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4.2. Anesthetic Uptake 

Anesthetic uptake and distribution are crucial in determining the appropriate dose and can be 

influenced by factors such as body fat and age. Mathematical models have also been developed to 

predict anesthetic uptake by different tissues which relies mainly on anesthetic solubility, tissue 

volume, and rate of blood flow to that tissue. Similarly, methods like the Dixon up-and-down 

approach, commonly used in anesthetic research to determine minimum alveolar concentrations, 

could be valuable for estimating anesthetic doses in targeted temperature management (TTM) (71). 

Blood flow and tissue solubility dictates the distribution and uptake of inhaled anesthetics to various 

tissues which each present with different partial pressures where steady state blood gas tensions are 

achieved. IAs are highly soluble in the vessel-rich group of tissues, including the brain, kidneys, 

heart, liver, and endocrine organs. These tissues, characterized by high blood flow and relatively 

small volume, achieve steady-state blood gas tension more rapidly. Muscle, with a large volume but 

low perfusion rates is next to achieve a steady state blood gas tension, while IA’s are most soluble in 

fatty tissue but have poorer perfusion, taking days to approach a steady state (72). In the future, with 

human models of an induced torpor-like state, it may be possible to exploit an individual’s own fat 

reserves as an energy source as seen in hibernating animals to supplement energy and nutrients 

delivered intravenously. Thus, it may be important to factor in changes in body composition over 

time when determining the appropriate anesthetic dose. Moreover, spaceflight leads to physiological 

changes such as an increase in cardiac output, reduced cerebral blood flow, changes to arterial 

pressure and cardiovascular deconditioning (73, 74) which may impact the efficacy of the anesthetics. 

Additionally, microgravity-induced fluid shift causes blood to pool in the head and torso which 

might work to increase anesthetic concentration at the brain. Measuring physiological responses in 

patients anesthetized during Trendelenburg positioning, common during lower abdominal surgery, 

might provide insights into how fluid shift affects anesthesia and provide estimates for required dose 

in a microgravity environment. 

5. Metabolism 

The rate of metabolism of an inhaled anesthetic also directly influences its toxicity and will likely 

be a limiting factor for long-term use during space travel. All of the halogenated inhalation 

anesthetics are metabolized to varying degrees in the liver by cytochrome P-450 2E1 resulting in 

production of toxic metabolites that can cause liver injury. Halothane undergoes more extensive 

metabolism compared to other halogenated anesthetics, leading to a higher incidence of 

hepatotoxicity. In contrast, Desflurane and Sevoflurane have been associated with fewer cases of liver 

damage. (60). Table 1 outlines the most used IA with their respective measures of potency, 

onset/offset, and toxicity. Notably, those halogenated compounds that undergo less metabolism in 

the liver, are less potent but have a faster onset. Thus, selection of a halogenated IA comes with a 

trade-off between molecules having faster onset/offset (smallest blood/Gas coefficient), being less 

potent (small oil/Gas co-efficient & high MAC) but possessing lower toxicity (least metabolized) (59).  

Finally, induced hypothermia slows the rate metabolism of drugs metabolized by the cytochrome 

P450 system which may affect IA clearance and result in increased toxicity. Selection of an IA should 

therefore reflect this, where lowly metabolized IA’s would be deemed more suitable (75). 

Table 1. Table showing the oil/gas co-efficient, MAC, blood/gas co-efficient and percentage of hepatic 

metabolism of the inhalation anesthetics (59, 76). 

 Potency Onset/offset Toxicity 

Anesthetic Oil/Gas Co-

efficient 

MAC Blood/Gas co-

efficient 

Metabolism 
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Xenon 1.9 71 0.12 0 

Nitrous Oxide 1.4 104 0.47 0 

Desflurane 19 6.35 0.42 0.02 

Sevoflurane 53 2 0.65 5 

Isoflurane 91 1.15 1.43 2 

Enflurane 98 1.68 1.9 2.4 

Halothane 224 0.75 2.4 20 

5.1. Considerations for Inhalation Anesthetics 

Sevoflurane is a sedative agent halogenated by fluoride ions and requires administration 

through a calibrated vaporizer. It was discovered in the 1970s and approved for usage in the 1990s. 

Sevoflurane is known for its safety and versatility in clinical practice due to its non-pungent nature 

which makes it ideal for the induction of anesthesia. While possessing the properties of an airway 

irritant these effects are observed less than with Desflurane (77). Several studies have been conducted 

to understand the mechanism of action with proposals that this inhalation agent induces inhibitory 

postsynaptic channel activity (gamma-aminobutyric acid (GABA) and glycine, and inhibits excitatory 

synaptic channel activity (N-methyl-D-aspartate (NMDA), nicotinic acetylcholine, serotonin, and 

glutamate) in the central nervous system (56, 77). It has a lower blood/gas co-efficient than isoflurane 

or halothane resulting in a faster onset and quicker recovery from anesthesia, and while the blood 

gas co-efficient is lower in desflurane, the difference was not found to translate into a faster discharge 

time in patients (78). While administering sevoflurane can cause side effects related to respiratory 

depression, and a dose dependent decrease in arterial blood pressure, it does not affect cardiac output 

(69). Thus it has been demonstrated to have less of an impact on haemodynamic and cardiovascular 

parameters than desflurane and isoflurane, resulting in comparatively lower morbidity and mortality 

(79). Additionally, co-administration with nitrous oxide produces less of a decrease in blood pressure 

and unlike desflurane, rapid increases in sevoflurane concentration does not lead to increased heart 

rate (80). Additionally, Sevoflurane metabolism produces Compound A, which has been linked to 

renal toxicity in rats. However, a meta-analysis found that its clinical use did not result in significant 

increases in renal function biomarkers, such as creatinine and blood urea nitrogen levels, in healthy 

patients. However, clinical recommendations suggest avoiding sevoflurane in patients with existing 

renal dysfunction. (81). One potential drawback of Sevoflurane compared to the more potent but 

hemodynamically stable Desflurane is the reported risk of neurotoxic effects. Sevoflurane use has 

been associated with long-term cognitive impairment, mediated by neuroinflammation, 

neurotransmitter imbalance, and a reduction in brain-derived neurotrophic brain factor, reviewed 

further by Wang, et al., (82). 

Desflurane presents as an attractive IA due to low blood solubility, resistance to chemical 

degradation, low toxicity, and negligible metabolism (83). It was initially discovered in the 1970s and 

requires an inhalational vaporizer for administration. Similar to other inhalational agents, the 

mechanism of action is still not entirely known for desflurane. However, studies have shown a role 

in the positive and negative allosteric modulation of GABAA (84). It has the lowest blood solubility 

of the volatile IA’s with a blood/gas partition coefficient of 0.42, that imparts a faster onset/offset (59, 

85). Its offset is also approximately 2-2.5 times faster than that of isoflurane for example. This fast 

onset/offset leads to the ability to precisely control anesthetic depth (83) and would equally lead to a 
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faster recovery with reduced rehabilitation. Additionally, it has the lowest hepatic metabolism of the 

halogenated IA’s, resulting in low levels of toxic metabolites. On the contrary, desflurane is not 

typically used during the induction of anesthesia despite favorable characteristics due to airway 

irritant effects that can cause coughing, apnea, laryngospasm, copious secretions, and excitatory 

movements. It is therefore more commonly used to maintain anesthesia after induction with 

intravenous sedatives such as propofol (86). It can however be administered without greater 

incidence of airway irritation than non-irritant IA’s such as Sevoflurance by means of a laryngeal 

mask. Additionally, the risk of airway irritation is minimized as airway irritation occurs in 

concentrations exceeding 1 MAC, and maintenance usually does not require concentration that 

exceed 1 MAC (87). Desflurane, along with other halogenated agents can decrease systemic arterial 

resistance and mean arterial pressure in a dose-dependent manner. It has also been attributed to 

causing increases in heart rate, along with other IA’s such as isoflurane and enflurane. However, the 

increase in heart rate is associated with a MAC > 1 and is compensated by a decrease in cardiac output 

(79). Additionally, studies have found that heart rate did not change when a MAC of 0.83 was used 

for maintaining anesthesia with desflurane (88). 

Xenon is an inert noble gas reported for use as an anesthetic agent in two patients in 1951, 

showing promising results. Its mechanism of action for inducing anesthesia arises from inhibition of 

NMDA receptors (89). Xenon gas exhibits a number of ideal properties for an anesthetic although its 

expensive production has limited uptake (69). While it is not the most potent IA with a MAC of 71 

when administered with oxygen it can produce anesthesia and it is, for example, 1.5 times more 

potent than nitrous oxide. It does however, possess the lowest blood solubility of the anesthetics 

discussed with a blood/gas co-efficient of 0.12, imparting a faster onset and recovery than the likes of 

Sevoflurane or Isoflurane in combination with nitrous oxide and Propofol (90-92). One of its main 

advantages, particularly when it comes to long-term use is that it is excreted through the lungs and 

doesn’t undergo hepatic metabolism and thus toxic metabolites aren’t produced. Other advantages 

to xenon anesthesia include stable hemodynamic and respiratory parameters. For example, studies 

have shown that xenon decreased indices of cardiac function less than that of nitrous oxide, and 

maintained blood pressure better than Propofol (93). In contrast to other IA’s such as Desflurane, 

Isoflurane and Enflurane, it causes a decrease in heart rate and does not lead to changes in mean 

arterial pressure, systematic vascular resistance or cardiac output (69). Neuroprotective effects of 

xenon in combination with therapeutic hypothermia have also been demonstrated in animal models 

(94) and its use has been found to improve mean arterial blood pressure during the cooling and 

rewarming phases of therapeutic hypothermia (94). It is therefore likely that Xenon will appear as a 

frontrunner in the selection of IA’s for an induced torpor-like state aided by its superior onset and 

recovery from xenon-induced anesthesia, non-toxicity, and stable heamodynamic profile. 

5.2. Multimodal Anesthesia 

It may be necessary, as seen in clinical practice, to use IV anesthetics in conjunction with 

inhalational an anesthetics given that some IAs possess tendencies to irritate respiratory airways. The 

use of both IV and IAs in combination allows for the advantages of both types of agents to be utilised, 

while reducing the required anesthetic dose and minimizing their individual side effects; this 

combined approach is known as “balanced anesthesia”. On the other hand, IV anesthetics are often 

used only for anesthetic induction, followed by the administration of IAs for maintenance. 

Commonly used IV anesthetics include those that enhance GABA activity in the CNS (etomidate, 

midazolam, propofol, and thiopental), those that antagonize NMDA receptors (ketamine) and those 

that stimulate opioid receptors (95). Much like IAs, the ideal IV anesthetic should have a rapid on-

set/off-set, be non-toxic, chemically stable, and have minimal cardiac and respiratory effects. 

Similarly, pharmacokinetics would need to be considered in relation to their distribution, metabolism 

and toxicity, however, if the IV anesthetics are to be used solely for the induction in achieving an 

induced torpor-like state and not over long durations, then these considerations become less of an 

issue. 
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Ketamine on the other hand produces a dissociative anesthesia where patients appear to be 

awake but unresponsive to stimuli. However, it can have undesirable psychotomimetic effects were 

patients can experience hallucinations upon emergence of anesthesia. Moreover, while it has limited 

effects on the respiratory system with the exception of bronchodilation, it has been shown to increase 

heart rate and blood pressure. In this context, were it is expected that the heart rate will decrease in 

line with a reduced body temperature during an induced torpor-like state, ketamine use may be 

counterproductive, however, it is commonly used in combination with propofol (ketofol) in reducing 

its depressive hemodynamic effects (96, 97). 

Dexmedetomidine is a highly selective alpha-2-adrenergic agonist, used primarily for sedation 

as an adjunct therapy for general anesthetics. It was chosen as the preferred sedative in the 

SpaceWorks report (29) due to its minimal respiratory depression effects along with its anxiolytic, 

analgesia and potential neuroprotective effects. Moreover, its use shortens the duration of mechanical 

ventilation and reduces the risk of delirium and so its use may be preferred over midazolam or 

ketamine for example (98). Its use may also prove advantageous in the context of induced torpor as 

it reduces the shivering response to mild hypothermia (99, 100). However, while this agent can lead 

to brachardia and hypotension due to its sympatholytic effects, studies examining the effects of TTM 

and the incidence of bradycardia have shown that bradycardia can be recovered by reducing the 

infusion rate (101). 

Propofol is one of the most widely used IV anesthetics for inducing anesthesia as it is potent, 

and it has a quick onset of action owing to its high lipophilicity, allowing rapid distribution to the 

central nervous system. It is also rapidly metabolized which increases total body clearance (102). 

However, propofol administration is known to cause pain at the injection site and can lead to a 

decrease in arterial blood pressure and systemic vascular resistance, resulting in hypotension (103). 

Moreover, it has been shown to cause dose-dependent respiratory depression (104). Prolonged use 

of propofol can also lead to propofol infusion syndrome when administered  > 4mg/kg/hour for 

more than 24 hours, characterized by metabolic acidosis, hyperkalemia, hyperlipidemia and 

rhabdomyolysis (104). Hence, its use may be best suited solely for induction as opposed to a balanced 

anesthesia approach. Furthermore, it was previously assumed in clinical circles that the 

hemodynamic effects of Propofol could exacerbate hemodynamic instability during TTM. According 

to the European Resuscitation Council Guidelines, bradycardia may be left untreated during TTM as 

long as blood pressure, lactate levels, ScvO₂, and SvO₂ remain within acceptable ranges (105). One 

study found that although blood pressure decreased 30 minutes after propofol administration during 

TTM, the absence of a need for vasopressors indicates that propofol can be safely used during TTM. 

Statistical analyses in this study indicated that temperature was the only covariate independently 

associated with mean arterial pressure, suggesting a temperature-dependent effect that is typical at 

lower body temperatures (106). Furthermore, the authors reference a study indicating that 

bradycardia during TTM for cardiac arrest treatment is associated with lower mortality rates, 

suggesting it may have protective effects promote a desirable outcome. (107). 

Conversely, the GABA agonist etomidate, has a fast onset, and short duration of action, and is 

often used for anesthetic induction due to its minimal effects of both hemodynamics and the 

respiratory system. In individuals that are predisposed to hypotension it may be necessary to 

minimize further exacerbation. One study found that a combination of profol+ketamine was not 

superior to low dose etomidate in preserving hemodynamics (108). However, evidence for its use 

during TTM is limited and further work would be needed to access hemodymic effects during lower 

body temperatures. 

6. Monitoring 

Long-term sedation during space travel will require the development of systems that can 

automatically regulate the maintenance of unconsciousness in real-time and in response to 

physiological traits to prevent overdose, early arousal, or other adverse effects. Recommendations 

published by the American Society Of Anesthesiology suggest the monitoring of ECG, SpO2, NIBP, 
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Endtidal CO2 and temperature (109). During general anesthesia inspired and expired oxygen should 

be measured as well as waveform capnography to measure the partial pressure of carbon dioxide 

particularly during tracheal intubation as decreased CO2 can lead to respiratory alkalosis and 

hypocapnia (110). The ASA recommends monitoring of end-tidal anesthetic concentration (ETAC) 

which is a measurement of the arterial blood partial pressure important for inhaled anesthetics and 

a good indicator of unconsciousness. In IA use, maintaining an ETAC >0.7 age-adjusted MAC is 

necessary to reduce accidental awareness (109). However, this requirement might differ under 

hypothermic conditions, as MAC decreases. Furthermore, the ASA suggest using processed 

electroencephalogram (pEEG) to measure brain electrical activity as anesthetics can alter brain waves. 

The use of pEEG to generate a bispectral index (BIS) during anesthesia, while limited in the USA, has 

successfully reduced the incidence of accidental awareness (111). Notably, the use of mid-latency 

auditory evoked potentials has shown more utility in measuring anesthetic depth during Xenon 

anesthesia. Bradford et al., suggest that systems such as the LifeGuard ® and BioHarness ® that are 

already used to monitor the health of astronauts are equipped to measure the necessary vital signs 

that will be of importance during an induced torpor-like state (29). It may also be necessary, due to 

the effects of hypothermia to monitor for cold-induced diuresis which can cause tubular dysfunction 

if left untreated. Additionally, checking for electrolyte abnormalities in magnesium, potassium, and 

phosphate as decreased levels of these electrolytes can cause cerebral and coronary vasoconstriction, 

trachyarrhythmias or respiratory muscle weakness (110). It will also be important to monitor carbon 

monoxide levels if volatile anesthetics are used as which can be produced when they react with 

desiccated CO2 absorbent. This effect is greatest with desflurane, larger concentrations of IA and at 

increased temperature. CO production may be reduced during hypothermia, and it is recommended 

that soda-lime is hydrated with 4.8% or more with water to reduce CO production (112). Total 

Parenteral Nutrition (TPN) will likely be necessary to meet astronauts’ daily nutritional needs. TPN 

must be tailored to an individual’s specific requirements, necessitating the monitoring of parameters 

such as electrolyte profiles, liver enzymes, and blood sugar levels. This monitoring is essential for 

adjusting TPN accordingly to avoid complications. For example, one complication associated with 

TPN use is parenteral nutrition-association liver disease which arises due to lipid overload (113). 

Delivery of TPN will be further complicated during the hypothermic conditions of an induced torpor-

like state as it can hinder insulin sensitivity and reduce insulin secretion resulting in hyperglycaemia. 

Blood glucose levels should therefore also be monitored and insulin therapy might be required in 

managing blood glucose levels to avoid the adverse effects of hyperglycemia (114). Thus, monitoring 

these parameters will likely involve the use of an arterial blood line to accurately measure blood 

chemistry. Challenges also arise with TPN storage, as amino acids, for instance, have been found to 

degrade over time, impacting the nutritional status of astronauts. (115). 

Anesthetics undergo metabolic processes that produce byproducts which can be toxic if 

accumulated in high concentrations. In the confined and unique environment of space, where the 

body’s metabolic and detoxification processes may behave differently, it will be essential to monitor 

these toxic metabolites to prevent potential health issues. Regular and comprehensive blood analyses 

will be necessary to detect and quantify these metabolites. This monitoring can help identify early 

signs of toxicity, allowing for timely intervention and adjustment of anesthetic protocols. 

Inhalation anesthetics, commonly used in medical settings, have been associated with bone 

marrow depression—a condition where the bone marrow’s ability to produce blood cells is impaired. 

This issue is particularly concerning for space missions due to the potential for compounded health 

risks, including decreased production of red blood cells, white blood cells, and platelets. This 

reduction would significantly impact the immune system, making the astronaut more susceptible to 

infections and impairing their ability to heal from injuries. Furthermore, a decline in red blood cells 

would lead to anemia, causing fatigue and reduced physical performance, which are critical issues 

during demanding space missions. Furthermore bone marrow depression can affect bone density, a 

concern compounded by the microgravity environment of space. Space travelers already face 

challenges related to bone density loss due to reduced mechanical loading in microgravity. The 
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additional impact of anesthetics on bone marrow could exacerbate these issues, leading to increased 

risk of fractures and other bone-related complications. Implementing robust monitoring systems that 

not only track standard physiological parameters but also measure levels of toxic metabolites is 

essential. Advanced diagnostic tools and regular blood tests will be needed to manage and adjust 

anesthetic use to minimize toxicity. Despite its apparent convenience for providing nutrition during 

induced torpor-like states, the significant challenges must be overcome for its safe and effective use 

during space travel. 

7. Reevaluating Neuromuscular Blockade in Light of Muscle Atrophy Concerns 

Neuromuscular blockade is a critical component in modern anesthesia and intensive care, 

enabling procedures and interventions that require temporary paralysis of skeletal muscles. It is 

employed during various medical procedures, including surgeries and mechanical ventilation, to 

ensure patient immobility and facilitate better surgical conditions (116). The two primary classes of 

neuromuscular blockers are non-depolarizing agents, which inhibit neuromuscular transmission by 

blocking acetylcholine receptors at the neuromuscular junction, and depolarizing agents, which 

cause an initial muscle contraction followed by paralysis (117). One significant concern with the use 

of neuromuscular blockers is their association with muscle atrophy. Prolonged or repeated use of 

these agents can contribute to a phenomenon known as disuse atrophy. Muscle disuse, resulting from 

the lack of voluntary movement, can lead to muscle fiber degradation, loss of muscle mass, and 

diminished muscle function. The underlying mechanism involves a decrease in muscle protein 

synthesis and an increase in muscle protein breakdown. The balance between these processes is 

disrupted during prolonged immobilization or paralysis, leading to a net loss of muscle mass. This 

condition not only affects the immediate recovery post-procedure but can also have long-term 

impacts on a patient’s overall mobility and quality of life. Given the risks of muscle atrophy and the 

challenges faced by muscles in the space environment, it is essential to explore alternative approaches 

that can reduce these negative effects. One promising avenue is the development and use of agents 

that promote muscle contractions without causing injury or paralysis. These agents could potentially 

help maintain muscle activity and prevent atrophy during procedures requiring muscle relaxation. 

Research into muscle-stimulating agents has shown potential in addressing muscle atrophy. These 

agents, unlike traditional neuromuscular blockers, are designed to enhance muscle contraction 

through different mechanisms. For instance, pharmacological agents that activate muscle growth 

pathways, such as the mTOR (mammalian target of rapamycin) pathway, could help counteract 

muscle degradation (118). Similarly, compounds that mimic the effects of exercise-induced muscle 

growth might provide benefits in maintaining muscle mass and function. Another alternative is 

electrical stimulation of muscles. This technique involves applying electrical impulses to muscles to 

induce contractions. Electrical stimulation has been used in rehabilitation settings to prevent muscle 

atrophy in patients who are unable to perform voluntary movements. It offers a way to maintain 

muscle activity and mass during periods of immobilization or disuse (116). 

8. Hypothermia and Torpor 

As discussed above, the benefits of induced an induced torpor-like state arise as a result of the 

hypo-metabolic state that in humans, can be facilitated through hypothermic body temperatures. The 

controlled reduction and maintenance of hypothermia will therefore be paramount in exploiting 

these benefits and TTM represents a testing bed for optimizing the induced torpor-like state protocol. 

During TTM, anesthetic agents lower the body temperature by impairing thermoregulatory 

responses regulated in the hypothalamus by inhibiting vasoconstriction and causing vasodilation. 

The reduction in metabolic rate also facilitates hypothermia by reducing non-shivering 

thermogenesis. Anesthesia also leads to heat loss by reducing the shivering threshold by 2-3°C 

leading to a delayed thermoregulatory response (51, 119). Body heat is also naturally lost through 

radiation, convection, evaporation, and conduction but plateaus at approximately 35.5°C. However, 
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the lack of convection in microgravity will likely affect heat loss. Therefore, using “hibernation” pods 

combined with scavenging systems may be necessary to generate airflow around the crew, 

facilitating convection to assist with heat loss and remove spent anesthetic (120). There are three main 

methods of cooling, consisting of convection systems such as ice packs or infusion of cold saline 

solution, surface cooling systems that circulation cold air/fluid through blankets or pads that are 

wrapped around the patient or intravascular cooling systems. Intravascular systems circulate cooled 

saline through a closed loop or catheter’s balloon within femoral of subclavian veins to cool blood 

through convection. These systems have the ability to record and control blood temperature in real-

time with a computerized auto-feedback mechanism (110, 121) and have been found to be most 

effective and reliable in reducing core temperature (110). In some instances, the use of IA’s can lead 

to malignant hyperthermia which can be fatal if left untreated. However, the presentation of 

malignant hypothermia has been associated with variants of the RYR1 gene and DNA testing can be 

conducted to determine susceptibility (122). 

Shivering is a common side effect of TTM observed in 40% of patients (123) which may 

counteract the benefits of TTM by frustrating the reduction in body temperature through heat 

generation, increasing the metabolism and oxygen demand and additionally causing cerebral 

metabolic stress by decreasing brain tissue oxygen tension (124, 125). A number of medications can 

be administered to control shivering, such as anti-pyretic drugs, NSAIDs, opioids, α-agonists; 5-HT 

agonists; NMDA antagonists, and neuromuscular blockade (NMB) agents. Given that the threshold 

for the activation of the shivering response starts at 35°C and ends at 33.5°C it might be possible to 

pharmacologically inhibit shivering during the cooling phase and cease treatment beyond the 33.5°C 

threshold. Jain et al. recommend that shivering interventions begin at the initiation of targeted 

temperature management (TTM). Patients should receive an antipyretic agent, such as 

acetaminophen or an NSAID, every 4-6 hours, standing doses of buspirone (30 mg) every 8 hours, 

and magnesium sulfate intravenously (either bolus or continuous) to maintain a serum level of 3 to 4 

mg/dL. 

They also suggest the use of a shivering scale to guide further treatment based on shivering 

severity involving the administration of dexmedetomidate or opioids (fentanyl or meperidine) for 

mild to moderate shivering or neuromuscular blockade agents such as rocuronium, vecuronium, 

pancuronium, or cistracurium for more severe shivering (125). However, developing a unique anti-

shivering strategy will need to be tailored to the chosen sedative and target temperature to prevent 

compounding adverse effects. Additionally, the timing of neuromuscular blockade agents must be 

carefully considered in an induced torpor-like state, especially if neuromuscular electrical stimulation 

is used to combat muscle atrophy or if the goal is to avoid the need for mechanical ventilation (126). 

8.1. Understanding the Phases of Torpor Induction 

The induction phase marks the transition from a normal metabolic state to torpor, characterized 

by a substantial reduction in physiological activity (17, 18, 20). This phase is crucial for preparing the 

body for the low-energy state associated with torpor. The primary goal during induction is to safely 

and effectively lower metabolic rates while minimizing potential stress on the astronaut. To induce a 

torpor-like-state, the body temperature of the astronaut must be gradually lowered. Controlled 

cooling methods, such as advanced thermal regulation systems, are used to achieve this. Rapid 

temperature changes can cause physiological stress, so a gradual approach will mitigate potential 

risks. Administering sedatives or anesthetics will facilitate the transition into torpor. During the 

induction phase, continuous monitoring of vital signs, including heart rate, blood pressure, and body 

temperature, will be essential. This will ensure that the transition into torpor proceeds smoothly and 

that any complications are promptly addressed. Once the astronaut has entered a torpor-like-state, 

the maintenance phase will involves sustaining this low-metabolism state for the desired duration. 

This phase is crucial for conserving energy and resources while ensuring that the astronaut remains 

stable and healthy throughout the mission. Regular monitoring of vital signs and physiological 

parameters will continue during the maintenance phase. This monitoring will ensure that the 
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astronaut remains in a stable torpid state. The emergence phase is the transition from a torpor-like-

state back to full metabolic activity. This phase is critical, as it involves gradually restoring normal 

physiological functions while avoiding complications associated with reactivation (18). Rewarming 

the body must be done gradually to prevent shock and other adverse effects. Controlled rewarming 

methods, such as gradual increases in ambient temperature or the use of warming devices, are 

essential for a safe transition. Post-torpor rehabilitation protocols will be necessary to help the 

astronaut readjust to full metabolic function. This may include physical therapy, nutritional support, 

and monitoring for any residual effects from the torpor-like-state state. Vital signs, cognitive function, 

and overall health must be carefully assessed to address any issues promptly 

9. The Implications of Prolonged Anesthetic Exposure in Space 

As humanity ventures further into space, understanding the implications of prolonged exposure 

to anesthetics becomes increasingly critical. In the context of long-term space missions, the extended 

duration of exposure to anesthetics poses significant concerns due to the lack of comprehensive 

studies on their long-term effects. During extended missions, astronauts may be exposed to 

anesthetics for durations significantly longer than those typically encountered on Earth. While 

anesthetics are crucial for managing pain and ensuring comfort during medical procedures, their 

prolonged use in the unique environment of space introduces several concerns. The primary issue is 

the potential for long-term health effects that are not yet fully understood. On Earth, anesthetics are 

usually administered for short-term procedures, with post-operative recovery closely monitored 

(116). In contrast, space missions could expose astronauts to anesthetics over months or even years, 

raising questions about cumulative effects on health and performance. 

Current research on anesthetic exposure has predominantly focused on short-term 

administration. Most studies, including those involving intensive care unit (ICU) patients, have 

examined exposures lasting up to 30 days (116). While this provides some insight, it falls short of 

addressing the extended exposure scenarios faced in space. The longest durations studied in ICU 

settings are relatively brief compared to the potential lengths of space missions. Consequently, there 

is a substantial gap in our understanding of how prolonged exposure to anesthetics affects the human 

body over extended periods. The limited data available raises concerns about possible long-term side 

effects, including impacts on cognitive function, cardiovascular health, and overall physiological 

stability. Without robust research on extended exposure, astronauts may be at risk of unforeseen 

complications that could jeopardize their health and mission success. Given the uncertainties 

surrounding the long-term effects of anesthetics, there is an urgent need for further research, 

particularly using animal models. Studies should focus on anesthetics such as Dexmedetomidine, 

Ketamine, and Propofol, which are commonly used in medical settings. These studies should aim to 

simulate prolonged exposure scenarios to assess potential long-term effects on various physiological 

systems. Animal models are valuable for such research because they can provide preliminary insights 

into how extended anesthetic exposure might affect human health. Additionally, these studies can 

help identify potential biomarkers for adverse effects and guide the development of safer anesthetic 

protocols for space missions. Understanding these effects will be crucial for designing effective 

countermeasures and ensuring that astronauts remain healthy and capable throughout their 

missions. 

10. Conclusions 

Spaceflight is associated with hazards including cosmic radiation exposure and microgravity 

which impact different echelons of biological organization that span the molecular, cellular, and 

organ levels. These insults lead to adverse health outcomes that impair astronaut wellbeing. The 

Artemis program with the objective of returning to the moon is hastening technology development 

that will transport humans to Mars and advance interplanetary space travel. However, the challenges 
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presented by long-term space travel need to addressed and appropriate countermeasures developed 

to protect astronaut health. 

Hibernation is a seasonal heterothermy observed in nature across several species primarily 

during winter months. It is characterized by low body-temperature, reduced breathing and heart 

rate, and a minimal metabolic rate. Hibernating animals exploit this state as a survival mechanism to 

conserve energy during periods of food scarcity or cold temperatures. The concept that hibernation 

confers protective effects particularly, against radiation exposure has prompted studies aiming to 

induce a torpor-like state in humans, which date back to the 1960s. Controlled targeted temperature 

management has been successfully exploited to lower mortality rates and improve outcomes in acute 

trauma, and cardiac arrest patients and is the closest we have in medical practice to an induced 

torpor-like state in humans. It might be possible to safely and reliably implement synthetic torpor in 

humans based on a TTM approach involving the use of modern anesthetics, which would provide a 

step change advancement in space travel. It would reduce both the burden of life support including 

oxygen, nutritional, and water requirements of astronauts. Additionally, it has the potential to protect 

against the harsh environment of space and eliminate the psychological stresses of long periods in 

space. While the aim of this manuscript is to promote discussion on the advantages and drawbacks 

of potential sedative candidates, Xenon emerges as a front-runner when considering inhalation 

anesthetics for producing an induced torpor-like state. Although it is costly to produce and not the 

most powerful IA, its non-toxic and hemodynamically stable qualities make it particularly well-

suited for minimizing potential complications during long-term space missions. 
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