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ABSTRACT  31 
 32 
Introduction. The transition to exploration missions places a heightened risk on behavioral health in spaceflight. 33 
Although serious psychiatric emergencies during spaceflight have been rare, longer duration missions increase 34 
the possibility of emergence in latent mental health disorders due to genetic predisposition, increased autonomy, 35 
isolation, helplessness, loss of family member, or catastrophic events. Complicated grief and bereavement have 36 
the highest rate of suicidal ideation.  Recently, ketamine has been used as an emergent intervention for acute 37 
suicidality, promoting its stability, ease of administration, favorable safety profile, and outcomes for reduction of 38 
suicidal intent. The goal of this study was to review current literature and collate the understanding of ketamine 39 
as a safe, effective pharmacological adjunct for acute suicidality in spaceflight.  40 
 41 
Methods. This literature review was conducted to collate data on ketamine use for acute suicidality and inform 42 
on stability, limitations and utilization of ketamine within extreme environments. 43 
 44 
Results. 122 publications were reviewed for relevance including 23 randomized-control trials for ketamine use 45 
in behavioral emergencies.   46 
 47 
Discussion. Ketamine is a diverse pharmaceutical with multiple advantageous indications, including acute 48 
suicidality, pain, and sedation. Terrestrial use of ketamine suggests a rapidly efficacious medication for reduction 49 
in acute suicidality.  As behavioral stressors expand related to extended missions, contingencies for behavioral 50 
emergencies become increasingly important. Although this review is not intended to re-develop current 51 
International Space Station (ISS) protocols, it is the first to discuss the benefits of ketamine in spaceflight as a 52 
potential safe, effective multifaceted tool for future exploration missions and treatment for acute suicidal ideation.  53 
 54 
Keywords 55 
Ketamine, Suicidality, Spaceflight  56 
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INTRODUCTION 57 
 58 
As the paradigm of space exploration shifts from low earth orbit (LEO) to earth independent medical operations 59 
(EIMO), more attention has been placed on the cumulative behavioral effects on crew.1,2 Long-duration missions 60 
increase crew exposure to isolation, confinement, autonomy, monotonous work environments, separation from 61 
family support, and delay in communication which may exacerbate crews’ feelings of isolation.3 Although serious 62 
psychiatric emergencies during spaceflight have been rare, as missions place astronauts on longer assignments 63 
farther from Earth, the possibility of complicated life events – such as loss of a child or family member, 64 
catastrophic geopolitical news, or interpersonal turmoil, for example – may lead to the development of adverse 65 
cognitive and behavioral decrement.3,4 Terrestrially, complicated grief and bereavement was shown to be 66 
associated with the highest rate of suicidal ideation.5 Therefore, the summation of behavioral risk factors in EIMO 67 
missions highlights the importance of developing mitigation strategies and planning for the possibility of an acute 68 
psychiatric intervention during a mission.  69 
 70 
Direct pharmacologic treatment for acute suicidality in the isolated, confined environment of spaceflight is not 71 
well defined. To date, pharmaceutical interventions for psychiatric emergencies during missions have been 72 
limited to selective serotonin reuptake inhibitors (SSRI), serotonin-norepinephrine reuptake inhibitors (SNRI), 73 
anxiolytics such as benzodiazepines, and atypical antipsychotics such as aripiprazole and ziprasidone.6 Table 1 74 
lists the current behavioral formulary for contingency on the International Space Station (ISS).6 Although long 75 
considered standard of care for depression, the prolonged neuroplasticity response in SSRI and SNRI can take 76 
weeks to months for a desired outcome, an operationally limiting timeline in spaceflight.7 In addition, SSRI and 77 
the atypical antipsychotics can result in significant side effects, such as akathisias – or restlessness, inability to 78 
relax, nervousness – with the prevalence between 15% and 45%.8 Although a paucity of data still exists between 79 
the relationship of akathisias and increased suicidal ideations, early evidence suggests a pressing need for 80 
further investigation into this relationship.9 Further understanding in the regulation of emotions and the concept 81 
of brain functional connectivity have led to innovative advances in pharmacotherapy while attempting to limit side 82 
effects.  83 
 84 
In recent years, ketamine is increasingly being used terrestrially as an emergent intervention for acute suicidality 85 
and depression, favoring its onset of action, stability, ease of administration, minimal side effects at desired 86 
doses, and favorable outcomes for reduction of suicidal intent.10–12 At the time of this review, ketamine is currently 87 
on the ISS formulary as an anesthetic and for acute agitation.6 The appeal of ketamine, in particular for 88 
spaceflight, is the multifaceted indications of use – including pain, sedation, agitation, anxiety and depression.13 89 
Effectively, for long-duration missions, ketamine can offer a broad pharmacologic tool while optimizing storage 90 
and mass in medical kits. This review article aims to provide an overview of the current literature for ketamine 91 
use in psychiatric emergencies and discuss the feasibility of use in exploration missions.  92 
 93 

 94 
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 96 
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 101 
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 104 
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Table 1. ISS Formulary for Behavioral and Psychiatric Emergencies6 109 
 110 

Medication Class Medication Route 
Behavioral Emergencies   
 Antidepressants Sertraline PO 
  Venlafaxine PO 
    
 Anxiolytics Diazepam IV / IM 
  Lorazepam PO 
    
 Antipsychotics Aripiprazole PO 
  Ziprasidone IM 
    
Acute Agitation   
  Ketamine IM 

PO, oral; IV, intravenous; IM, intramuscular 
 111 
 112 
Behavioral Emergencies in Spaceflight and Extreme Isolation Environments 113 
 114 
Extensive reviews have been established on the anecdotal and empirical increased risk for behavioral and 115 
cognitive decrement during long-duration spaceflight operations.1,2,14 This review focuses on the pharmacologic 116 
treatments for psychiatric emergencies as they pertain to the breadth of medications flight surgeons and crew 117 
may use during a mission. It is still important to highlight conceptually the unique constellation of stressors faced 118 
in space exploration. Currently, the extent of behavioral challenges extrapolated from LEO and analog missions 119 
of longer duration may affect crew psychosocial adaptation, a recognized cause in decremental decrease in 120 
performance with maladaptation.2 In fact, the extent of cognitive impairment due to isolation under extreme 121 
environmental stressors has been shown to be akin to cognitive decline caused by hypoglycemia or alcohol 122 
intoxication.15 123 
 124 
The current state of knowledge on the risk of psychiatric emergencies takes experience from prior space shuttle 125 
and ISS missions, analog environments, and data collected from analogous extreme environments – such as 126 
Antarctica and military field operations. The National Aeronautics and Space Administration (NASA) defines 127 
behavioral conditions as “any decrement in mood, cognition, morale, or interpersonal interaction that adversely 128 
affects operational readiness or performance.”1 Alternatively, NASA distinguishes psychiatric disorders as those 129 
that meet the DSM-V clinical criteria for diagnosis.1 The primary strategy for mitigation NASA employs is through 130 
an extensive astronaut selection process aimed to identify prior traits or history that may impose a danger to 131 
mission success and crew health. Yet, genetic predisposition to mental illness and an average late onset of 132 
depressive symptoms in adults (reported by Tozzi et al. at 41, standard deviation 13.7 years) still makes the 133 
development of behavioral symptoms plausible.16 According to Cooper et al, despite an extensive selection and 134 
training by the Department of Defense, Special Forces (3.2%, n=537) and Ranger Qualified (5.3%, n=303) 135 
personnel still report development of mental disorders over a decade prospective cohort from 2001 to 2014, 136 
albeit a lower rate than general personnel with less mental health screening (16.8%, n=4552).17 137 
 138 
Well-documented reports of increased stress on longer missions have yet to manifest into clinically significant 139 
mental disorders in ISS or shuttle astronauts.1,14 However, history indicates signs and symptoms concerning for 140 
maladaptive behavior. During shuttle missions between 1981 and 1989, behavioral symptoms occurred at a rate 141 
of approximately one per 2.87 person-years, with predominance of anxiety and annoyance.4 Among seven 142 
astronauts flying on Mir, two reported depressive symptoms, or an incidence of 0.77 incident-per-year.1 During 143 
Skylab, high workloads and stress on the nearly 90-day mission led to irritability and adjustment complications, 144 
culminating in resentment to ground control and a daylong work stoppage.18 Two Soyuz missions, TM-2 and T-145 
14, were terminated early due to fatigue, adverse crew dynamics, depressive symptoms, and psychosomatic 146 
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complaints.1,19 One NASA astronaut from the ISS (2000-2014) reported complicated bereavement related to a 147 
family member’s unexpected death with grief likely heightened by isolation, leading to at least a week of 148 
operational adjustments to workload.1 One well-documented case of adjustment disorder and depressive 149 
symptoms in a shuttle payload specialist led the entire crew and ground personnel to employ coping strategies 150 
due to dangerous behavior and off-hand comments regarding off-nominal hatch opening and suggestions as to 151 
not returning.1,20 In fact, this payload specialist was documented stating “not going back” to Earth and fixated on 152 
hatch opening logistics to crewmembers.1,20 153 
 154 
Comparable operations involving isolation and extremes – such as Antarctica – undergo a rigorous mental health 155 
screening for crewmembers and represent the closest analogous terrestrial model.21 Reported incidence rates 156 
of depressive symptoms that meet DSM-V criteria were as high as 5.2% of crew at two Antarctic stations during 157 
austral winter, South Pole and McMurdo.22 According to Otto et al, the rate from 1994 to 2005 for mental illness 158 
was 4.5% in three Australian bases, and 6.4% at the US McMurdo Station.23 The reported incidence rate of 159 
depression that required pharmacological involvement was reported for nearly 1-in-50 participants at the South 160 
Pole.23 Investigators postulated that chronic stress on the hippocampus during prolonged exposure to these 161 
environments may be contributing.21 Subclinical levels of mood and adjustment disorders are commonly reported 162 
in these isolated environments as well.21,24 Winter-over syndrome – the constellation of subclinical symptoms 163 
associated with cognitive decrement, negative affect, insomnia, and anhedonia – is a phenomenon experienced 164 
most prominently after the midway point in expeditions to extreme environments, often referred to as the ‘third-165 
quarter effect’.25 Alternatively, submariners with missions greater than 90-days in confined, isolated environments 166 
with high degree of stress showed clinically significant incidence of psychiatric disorders from 0.44-2.8 per 167 
person-years, defined by medical evacuation or loss to mission productivity.26 Similar findings were found in a 168 
Russian Mars 520-day simulated terrestrial mission, resulting in one crew developing depression symptoms and 169 
half of the six member crew experiencing cognitive confusion-bewilderment.27 Although these unique terrestrial 170 
scenarios can provide a general indication of behavioral concerns in isolated environments, space exploration 171 
past LEO may present unique mental health challenges yet to be seen with current analog models. 172 
 173 
Current Pharmacologic Interventions for Agitation, Depression, and Acute Suicidality in Spaceflight 174 
 175 
Treatment with a pharmaceutical agent has yet to be emergently required during a NASA mission for acute 176 
agitation, depression, or acute suicidality.28 In fact, data from shuttle-era missions indicates that the primary 177 
behavioral health intervention utilized was sleep medications in the nonbenzodiazepine imidazopyridine and 178 
pyrazolopyrimidine classes.1,28 If emotional support and careful observation are unsuccessful in de-escalation 179 
for a behavioral emergency, the ISS formulary stocks antidepressants, anxiolytics and antipsychotics for 180 
contingency purposes as in Table 1.6 In extreme cases of agitation requiring emergent psychotropic use for crew 181 
or mission safety, intramuscular routes of administration are reserved for diazepam and ziprasidone.6 182 
Intramuscular ketamine is also available for agitation, although nominally is reserved for procedural sedation – 183 
such as during advanced airway placement.6   184 
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METHODS 185 
 186 
A comprehensive literature review of published research was performed for relevancy to behavioral health risk 187 
in space exploration, ketamine for acute suicidality and depression, and ketamine stability in austere 188 
environments. Databases searched included PubMed, Department of Defense Technical Information Center, 189 
and the NASA Archives and Technical Reports Server. Search terms included – but not limited to – “ketamine”, 190 
“acute suicidality”, “behavioral emergency”, “isolation”, “ketamine safety”, “shelf-life”, “intranasal”, 191 
“intramuscular”, “intravenous”, “radiation”, “pharmacokinetics”, and “pharmacodynamics”. Interviews concerning 192 
the formulary for the ISS were conducted with NASA flight surgeons when applicable. Textbooks in print were 193 
searched utilizing the University of Texas Medical Branch online medical library. In total, 122 references were 194 
reviewed, including 23 randomized control trials involving ketamine. Exclusions criteria were as follows: inability 195 
to access full text, no English translation, pediatric populations (age <17 years old), and editorials.  196 
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RESULTS 197 
 198 
Canonical approach to depression and suicidal ideation 199 
 200 
Over the past half-century, the prevailing theory of depression management was via the monoamine hypothesis, 201 
stating that neurotransmitters like serotonin, norepinephrine, and dopamine deficiencies were responsible for 202 
depressive symptoms in psychiatric conditions such as Major Depressive Disorder (MDD).29 This theory 203 
spearheaded the development of antidepressant medications specific for modulation of these neurotransmitter 204 
levels in the brain – colloquially referred to as a persons’ ‘chemical imbalance’.29 The current first line treatment 205 
of choice are SSRIs, which enhance levels of serotonin in the synapse and improve depressive symptoms.7 A 206 
major limitation in this class of medications is the prolonged efficacy, often taking 4- to 6-weeks for response.7 207 
Even then, approximately one third of patients do not respond to treatments and fall under Treatment Resistant 208 
Depression (TRD), often requiring multiple antidepressants (at least two or more) with mixed results.29 209 
Increasingly, favorable evidence in TRD treatment towards axonal synaptic neuroplasticity aimed at the 210 
glutamatergic system and modulation of the NMDA receptor signaling cascade led to the initial studies for 211 
ketamine use in depression.30  In February 2019 after four phase 3 clinical trials, the US Food and Drug 212 
Administration (FDA) approved intranasal esketamine through the Fast Track and Breakthrough Therapy 213 
designations for TRD (Figure 1).31  214 
 215 

 216 
Figure 1. Stereoisomers of ketamine, including the (S)-ketamine, or esketamine, 217 
formulation FDA approved for TDA.  218 

 219 
 220 
Neuroplasticity in Depression 221 
 222 
Neuroplasticity underlies the ability of neurons to adapt to stressors through structural, molecular, and functional 223 
changes.32 Altered neuronal connectivity and atrophy in key limbic and cortical regions contribute to many 224 
symptoms of depression, including cognitive decrement, loss of emotional control, increased anxiety, and 225 
reduced motivation or reward.33 The density of dendritic spines, or protrusions located throughout neurons, have 226 
shown a direct link to neuronal connectivity through both physical substrate availability and postsynaptic 227 
signaling.33 Under standard, non-stressed states, spine synapse connections proliferate and provide control over 228 
mood, emotion, and cognition.33 During chronic stress, loss of synaptic spines and connectivity was appreciated 229 
– anecdotally paralleling the difficulty in coping with stress during periods of depression.33,34 Chronic use of SSRIs 230 
have shown to mediate neuroplasticity changes, yet is a slow process.7,33 As ketamine evolved as an 231 
antidepressant, Li et al. showed that ketamine rapidly attenuated the stress-induced retraction of apical dendrites 232 
and synaptic spines in the medial prefrontal cortex and hippocampus and improved synaptic connectivity (Figure 233 
2A).34 234 
 235 
 236 
 237 
 238 
 239 
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 240 

 241 
Figure 2. Ketamine provides rapid neuroplasticity in depression and acute suicidality. (A) 242 
Ketamine blunts the stress-induced loss of neuronal dendritic spines within 24-hours seen in 243 
depression.34 (B) The top section demonstrates ketamine neuroplasticity occurring within hours-244 
to-days.32 Multiple mechanisms have been suggested for its antidepressive action including: 245 
disinhibition of glutamate neurotransmission via GABAergic signaling by noncompetive inhibition 246 
of presynaptic NMDA receptors, modulation of BDNF signaling through direct inhibition of AMPA 247 
receptors by ketamine metabolite norketamine, postsynaptic NMDA receptor inhibition mediating 248 
downstream mTorC1 signaling cascade.35–37 Stress is shown to decrease BDNF in the 249 
hippocampus and prefrontal cortex, resulting in spine density modulation through its receptor TrkB 250 
and mTORC1 signaling cascade.33 Contrary, the bottom section demonstrates SSRI 251 
neuroplasticity occurring after weeks-to-months by postsynaptic serotonin receptor-mediated 252 
BDNF signaling through inhibit of serotonin reuptake.7,29  253 

 254 
 255 
 256 
 257 
 258 
 259 
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 260 
Ketamine – the Swiss army knife psychoplastogen 261 
 262 
Ketamine is considered a psychoplastogen, or a small molecule medication rapidly involved in neuroplasticity 263 
for the benefit of neuron growth, structural enhancement, and synaptic connectivity.37 The first clinical trials for 264 
ketamine date back to 1967 as a human short-acting anesthetic.38 Since then, ketamine has evolved over 265 
decades as a versatile medication in the fields of pain management, sedation and behavioral health – such as 266 
TRD.39,40 Ketamine has a high lipid solubility and does not bind to proteins during distribution, therefore can 267 
rapidly cross the blood-brain barrier, which attributes to its fast onset of action within minutes.36 The racemic 268 
enantiomer contains equimolar stereoisomers, (R)-ketamine and (S)-ketamine (Figure 1). Isolated (S)-ketamine, 269 
or esketamine, has a nearly four-fold greater affinity for the N-methyl-D-aspartate (NMDA) receptor than its (R)-270 
enantiomer and is associated with fewer psychotropic side effects.35,36,38 Ketamine is an arylcycloalkylamine that 271 
primarily acts as an NMDA receptor noncompetitive antagonist that blocks glutamate and increases excitatory 272 
transition in the brain, although multiple additional mechanisms have been identified.36,38,41 Esketamine, for 273 
example, was shown to inhibit dopamine transporters and increase brain dopamine activity.35,42,43 The 274 
nociceptive pain effects of ketamine appear to be mediated partially by the potentiation of opiate receptors, and 275 
in part, have been postulated as a mechanism in depression for reduction in ‘mental pain’.12,44 276 
 277 
In general, the effects seen by acute administration of ketamine for depression manifest within hours, contrasting 278 
with SSRI efficacy, which can take several weeks to months. The rapid onset of ketamine neuroplasticity is key 279 
to understanding its favorable use in emergent depressive symptoms and acute suicidality.10,39,45 Figure 2B 280 
highlights various downstream targets of ketamine. Extensive research in depression and chronic stress show 281 
downregulation of brain-derived neurotropic factor (BDNF), resulting in signal attenuation in mammalian target 282 
of rapamycin (mTOR) C1 pathway.35,46  The mTORC1 pathway contributes to dendritic spine density and function 283 
in multiple brain regions, including the medial prefrontal cortex.46 Glutamate release is modulated from 284 
disinhibition of GABAergic interneurons via presynaptic NMDA receptors.43  Increased glutamate-mediated 285 
neurotransmission binds postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), leading 286 
to activity dependent release of BDNF, propagation of mTORC1 signaling, and synthesis of dendritic spine 287 
proteins.33,46 Woelfer et al. characterized how ketamine-induced increase in BDNF was associated with synaptic 288 
plasticity in the prefrontal cortex.41 A similar mechanism has been described for SSRI-mediated downstream 289 
modulation of mTORC1 signaling and synaptic plasticity, albeit much slower.7 290 
 291 
Alternatively, other suggestive mechanisms for ketamine efficacy point to NMDA receptor-mediated regulation in 292 
major reward circuits including the ventral tegmental area in the midbrain and serotonin dorsal raphe nucleus.35,47 293 
Wong et al. suggested ketamine implications in mood regulation could be described by the functional connectivity 294 
of the subgenual anterior cingulate cortex via cognitive and emotional networks modulated at subtherapeutic 295 
doses.48  296 
 297 
Clinical use of Ketamine for Acute Psychiatric Emergencies 298 
 299 
Extensive randomized-controlled trials (RCT) have been published on the effectiveness of ketamine in areas of 300 
MDD, TRD, and suicidal ideation, as outlined in Table 2. Since March 2019, Intranasal (IN) esketamine is 301 
currently the only US FDA approved form of ketamine available for MDD and TRD with imminent risk of suicide, 302 
yet multiple off-label clinical protocols exist.49 Four large, Phase-III trials spearheaded the FDA approval of IN 303 
esketamine for TRD – including TRANSFORM-250, TRANSFORM-351, SUSTAIN-152, and SUSTAIN-2.53 The 304 
primary outcomes compared improvement in depressive symptoms measured by change in baseline 305 
Montgomery-Asberg Depression Rating Scale (MADRS).54 In brief, esketamine significantly reduced depressive 306 
symptoms, in as little as 24-hours.50,52,53 Intranasal ketamine significantly abated relapse in depressive symptoms 307 
after 16-weeks when compared to placebo standard of care.52,54  308 
 309 
Recently, ketamine use in the emergency department for acute presentations of psychiatric emergencies has 310 
gained favor as well, due to its rapid outcome.10,39,45 Studies have shown improvement in suicidal ideation as 311 
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soon as 4-hours post IN esketamine by MADRS-SI scores in emergency care.45 Anecdotally, although not 312 
significant in this study, length of hospitalization was also reduced in the ketamine treatment group and rates of 313 
suicidal behavior remained low after 28-days.45  314 
 315 
Research continues evolving to include intravenous (IV) administration of ketamine as well. Murrough et al 316 
corroborated esketamine findings, indicating the effect of IV ketamine as quickly as 40-180 minutes, with peak 317 
effect at 24-hours after a single dose.55 Abbar et al demonstrated a full reduction in suicidal ideation at 72-hours 318 
(odds ratio 3.7, p<0.001).12 In a systematic review by Siegel et al, totaling 480 participants in 8 RCTs for both IN 319 
(84 mg) and IV ketamine (0.5 mg/kg) for effect on depressive symptoms, indicated a reduction in depressive 320 
symptoms within the first 24-48 hours of administration in both IN and IV.56 This is consistent with a more recent 321 
meta-analysis, indicating significant reduction in depressive symptoms and suicidal ideation up to 72-hours post 322 
IV infusion.11 In another meta-analysis focused on a single ketamine infusion given at emergency presentation, 323 
Wilkinson et al. presented that 55% of patients were suicide free at 24-hours and 60% at one-week post-ketamine 324 
in both self-reported and clinician-reported metrics.57 Compared to the benzodiazepine midazolam, rapid 325 
reduction of MADRS at 24-hours by IV ketamine was significantly more effective (odds ratio, 2.18; 95% CI, 1.21-326 
4.11).55 327 
 328 
Interestingly, when controlling for the anxiety and depression effects of ketamine, suicidal ideation showed 329 
significant reduction compared to control, indicating the antisuicidal reduction may not be exclusively driven by 330 
depression symptoms.58 One recent hypothesis for ketamine’s reduction in suicidal behavior, although 331 
admittingly supported by a paucity of evidence, suggests a transdiagnostic clinical risk reduction – such as 332 
repetitive negative thinking as one potential factor.57,59  333 
  334 
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Table 2. Randomized Controlled Trials utilizing Ketamine for psychiatric emergencies based on 335 
stereoisomer and route of administration. 336 
 337 

 Study Dose Indication Outcome 
Intravenous (IV) Racemic Mixture Enantiomers 
 

Abbar et al.12 0.5 mg/kg SI Reduction at day-3 with ketamine (n=156) 

 
Domany et al.10 0.2 mg/kg SI 

Reduction at 2-hours after infusion in the Emergency 
Department (n=18) 

 
Fava et al.60 0.1-1 mg/kg TRD 

Compared to midazolam controls, >0.5 mg/kg ketamine 
was significant in reduction (n=99) 

 
Grunebaum et al.61 0.5 mg/kg SI Greater reduction in SI compared to midazolam (n=80) 

 
Albott et al.62 0.5 mg/kg TRD 93% reported reduction at 20-days (n=80) 

 
Su et al.63 

0.2-0.5 
mg/kg 

TRD 
Dose-response reduction in HAM-D scores at 14-days 
(n=71) 

 
Grunebaum et al.64 0.5 mg/kg SI 

Greater improvement in mood disturbances and 
depression at 1-week (n=16) 

 
Ghasemi et al.65 0.5 mg/kg TRD 

Comparison to ECT at 24-hours, 72-hours, and 1-week, 
greater decrease HAM-D scores with ketamine (n=18) 

 
Murrough et al.55 0.5 mg/kg TRD Decrease MADRS score at 24- and 72-hours (n=73) 

 
Zarate et al.66 0.5 mg/kg TRD Decrease HAM-D score at 24-hours (n=18) 

 
Berman et al.67 0.5 mg/kg TRD Decrease HAM-D score at 72-hours (n=7) 

     
Intravenous (IV) Esketamine 
 

Singh et al.68 
0.2-0.4 
mg/kg 

TRD Reduction MADRS by 24-hours (n=30) 

     
Intranasal (IN) Esketamine 
 

Fu et al.69 84 mg MDD 
Depressive symptoms improved by 2-hours and no 
significance in SI on MADRS (n=226) 

 
Canuso et al.70 84 mg MDD 

Esketamine plus standard care improved depression 
symptoms at 4-hours and 25-days (n=456) 

 
Ionescu et al.71 56-84 mg MDD 

Improvement in depressive symptoms at 24-hours and 
1-week with twice daily dosing (n=227) 

 
Fedgchin et al.72 56, 84 mg TRD 

Reduction in depression with esketamine plus 
antidepressant vs antidepressant alone (n=297) 

 
Popova et al.73 56, 84 mg TRD 

Reduction MADRS with esketamine plus antidepressant 
vs antidepressant alone (n=197) 

 
Daly et al.74 

28, 56, 84 
mg 

TRD Dose-response reduction by MADRS (n=67) 

 
Canuso et al.75 84 mg MDD 

Significant reduction in depressive symptoms at 11-
days and SI on MADRS (n=68) 

 
Lapidus et al.76 50 mg MDD Reduction in depressive symptoms at 24-hours (n=18) 
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Intranasal (IN) Racemic Mixture Enantiomers 
 

Jones et al.77 50 mg SI, MDD 
(R,S)-Ketamine; Improvement in depressive symptoms 
and SI (n=33) 

 
Domany et al.45 40 mg SI 

Reduction SI at 4-hours by MADRS-SI in Emergency 
Department and shorter hospitalization stay (n=30) 

     
Subcutaneous (SQ) Racemic Mixture Enantiomers 
 

George et al.78 
0.1-0.5 
mg/kg 

TRD, 
MDD 

>0.2 mg/kg greater effect compared to midazolam 
(n=15) 

     
TRD, Treatment-Resistant Depression; MDD, Major Depressive Disorder; SI, Suicidal Ideation; 
MADRS, Montgomery-Asberg Depression Rating Scale; HAM-D, Hamilton Depression Rating Scale 

 338 
 339 
  340 
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Use of Ketamine in Austere Environments 341 
 342 
Ketamine has been successfully deployed to forward combat hospitals and within field operations for decades, 343 
used primarily for analgesia and sedation.79–81 In fact, the guidelines for the Department of Defense Tactical 344 
Combat Casualty Care (TCCC) currently recommends ketamine in its multimodal pain algorithm for prehospital 345 
and field casualty care.81,82 In isolated-confined-extreme environments, ketamine offers a relatively wide 346 
therapeutic window and safety profile at low doses, preserving spontaneous respirations and requires limited 347 
expertise or resources for use.83 348 
 349 
Civilian use of ketamine in austere environments is common as well. Surveys of alpine helicopter-based 350 
mountain rescue teams, ketamine was considered “irreplaceable” for acute patient management and ease of 351 
use in the pre-hospital setting.84 Reports of extensive ketamine use by rural hospitals without anesthesiologists 352 
or specialist training – over 8000 patients in a 15-year span – have used ketamine as an anesthetic agent with 353 
minimal complications.85 In a small case series (n=11), ketamine was successfully utilized as an anesthetic in a 354 
remote, isolated clinic at high altitude by an untrained primary care physician without the need for specialist 355 
equipment.86   356 
 357 
Pharmacodynamics, Stability and Usability 358 
 359 
The World Health Organization catalogues ketamine on its list of “essential medications”, a model formulary 360 
based on efficacy, safety, and clinical need worldwide.87 Ketamine has been favored in prehospital, low-resource, 361 
extreme and combat environments for years – due in part to its stability in solution or powdered forms, but also 362 
due to its ease in administration.79 Storage of the powder medication is at room temperatures and has a shelf-363 
life of nearly 20-years.88 Analysis by ultra-performance liquid chromatography of ketamine hydrochloride solution 364 
after 180-days stored at room temperature exposed to light indicated no degradation and within FDA standards 365 
for the active pharmaceutical ingredient (API).89 In fact, multiple studies show stability in the field to extremes in 366 
temperatures.90,91 367 
 368 
Various accepted routes of administration have been safely tested in humans including IV, IN, intramuscular (IM), 369 
oral (PO), sublingual, and rectal.38,47 Esketamine, currently the only FDA approved form of ketamine for 370 
depression at the time of this review, is exclusive to the IN form.31 The bioavailability for IV and IM continue to 371 
be highest at nearly 100%, with IN reduced by nearly half and highly variable (35-50%).35 Galvez et al, performed 372 
an initial pilot study on the efficacy of IN ketamine for treatment-resistant depression, but identified limitations 373 
based on variable nasal mucosal absorption.92 Oral is less bioavailable due to extensive first-pass metabolism, 374 
yet appears to have favorable outcomes in early clinical trials.93 A systematic review by Short et al. indicated that 375 
IV ketamine was associated with greater psychotomimetic side-effects when compared with PO, IM and IN.94 376 
 377 
Ketamine has a very large volume of distribution (3-5 L/kg) due to low protein binding and lipophilicity.95 The half-378 
life of esketamine is reported at 7-12 hours.49 Hepatic biotransformation results in several metabolites via 379 
cytochrome P450, including its active metabolite norketamine.47 Substrate ketamine is primarily metabolized by 380 
the enzymes CYP3A4 and CYP2B6.95 Although consideration for drug-drug interactions must be considered for 381 
medications metabolized via P450 enzymes, there is a lack of warnings on specific human drug interactions or 382 
pharmacogenomics.95 Diazepam, a CYP3A4 substrate for example, increased the half-life of ketamine and thus 383 
potentiated the sedative effects.96 However, ketamine offers a high therapeutic index and thus, toxic levels 384 
achieved strictly due to metabolic changes in spaceflight are less likely.95  385 
 386 
An extensive review by Blue et al. outlined the challenges in the stability of pharmaceuticals in the space 387 
environment.97  In brief, exploring outside of LEO exposes greater risk to radioactive degradation of medications 388 
and thus, reduction in the API.97 To date, limited data is available on ketamine stability post-flight in regards to 389 
drug degradation, radiosensitivity, and potency. Still, ketamine continues to be used in austere and extreme 390 
environments worldwide with little concern for instability or loss in efficacy.81,98  391 
 392 
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Spaceflight poses multiple challenges to drug stability, not exclusive to ketamine. Du et al characterized 393 
medications from shuttle era, showing lower potency and percent API content in ground-matched controls.99 394 
Interestingly, dosage form seemed to show increased stability for solid formulations compared to liquid over a 395 
duration of 880 days in flight.99 Sertraline, an SSRI currently in PO form on the ISS, showed slightly decreased 396 
potency when compared to ground-controls, although still contained the minimum US Pharmacopeia accepted 397 
API content after 550 days.28  398 
 399 
Side Effect Profile of Ketamine  400 
 401 
Hesitation on ketamine use likely stems from its use as a recreational drug since the early 1970’s and 402 
unfortunately, most recently in the news as drugs of abuse amongst celebrities. At supratherapeutic levels 403 
reported as high as 10-fold the sedative dose, recreational ketamine can produce psychedelic effects, with users 404 
experiencing cataleptic-like dissociation from reality.94,100 Although these doses far exceed the normal indication 405 
dose for treatment-refractory depression, as highlighted in Figure 3. Reports of “psychological pain-relief” have 406 
been evidenced at lower doses in clinical trials, possibly linked to ketamine’s dissociative properties.12 The most 407 
common side effects reported in clinical trials were disassociation, dizziness, nausea, sedation, vertigo, 408 
hypoesthesia, and “feelings of being drunk”.39,75,94 In the clinical trials submitted to the FDA, esketamine reported 409 
the following side effects: sedation (48-61%), loss of consciousness (0.3-0.4%), derealization or 410 
depersonalization (61-84%), and very rarely reported respiratory depression.52,53,94 The dissociative effects of 411 
ketamine reach critical threshold at approximately 1-1.5 mg/kg IV, or 3-4 mg/kg IM.35 However, doses as low as 412 
0.1-0.4 mg/kg have reported psychoactive dissociative symptoms and thus, reflect the accepted sub-dissociative 413 
threshold for ketamine.38 Cognitive performance and mental effort returned to baseline levels comparable to 414 
placebo after 2-hours of receiving a dose of esketamine.51,94 Loo et al. demonstrated similar side effect profiles 415 
for equimolar doses of IV, IM, and subcutaneous routes of administration in depression.101  416 
 417 
Ketamine has no absolute contraindications but should be used cautiously in at-risk populations such as 418 
untreated hypertension, known elevated intracranial pressure, untreated coronary artery disease, or 419 
hypersensitivity to esketamine.49,102 Ketamine has shown to increase blood pressure and heart rate within 420 
minutes of administration, due to sympathomimetic action and inhibition of catecholamine reuptake.38 421 
Esketamine reported systolic blood pressure increases more than 40 mmHg at an incidence rate up to 17% 422 
within the first 90-minutes of administration.49 In fact, esketamine treatment centers require patients to remain 423 
two-hours for monitoring after administration, in part due to these cardiovascular effects in at-risk individuals.49,102 424 
For professional astronauts, a population with strict pre-flight medical standards on blood pressure, ketamine 425 
deleterious effects on blood pressure are likely pathologically negligible. 426 
 427 
Because of the risks for sedation and dissociation at higher doses, in addition to potential for abuse, esketamine 428 
distribution is currently restricted by the FDA, under a Risk Evaluation and Mitigation Strategy (REMS).31,49,54 429 
REMS programs focus on monitoring and reinforcing safe medication habits, while limiting severe adverse 430 
events associated with abuse.103 Clearly, a notable concern when discussing ketamine use in future operational 431 
environments.   432 
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 433 

 434 
Figure 3. Multiple indications for ketamine and acceptable dose ranges for desired 435 
outcomes in a standard 70-kg person. Ketamine is indicated as an analgesic, anesthetic, 436 
sedative, and antidepressant.38 Acceptable routes of administration include intravenous (IV), 437 
intranasal (IN), and intramuscular (IM). Due to the variable bioavailability with routes of 438 
administration, dosage of ketamine differs and often requires higher concentration for IN and IM 439 
routes. Doses indicated for depression reflect significantly lower concentrations compared to 440 
sedative or anesthetic indications. The sub-dissociative dose of ketamine is reported at 0.1-0.4 441 
mg/kg, or the minimum dose with reported dissociation.47,104,105   442 
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DISCUSSION 443 
 444 
This review demonstrates the first initial consideration of ketamine as a possible intervention for psychiatric 445 
emergencies and acute suicidality on exploration missions. The heightened risk of behavioral challenges 446 
anticipated with EIMO – and the limited toolbox currently available to treat possible in-flight psychiatric 447 
emergencies – highlights the importance of early discussion. To date, psychiatric formularies suitable for 448 
exploration missions did not include ketamine, primarily because the indications and evidence for ketamine has 449 
only recently been gaining traction as an effective and safe medication for MDD, TRD and SI.28 Ketamine is 450 
currently a part of the ISS formulary, albeit reserved for anesthesia and sedation.6 The aim of this review focused 451 
on the strengths and areas requiring additional investigation when considering ketamine for psychiatric 452 
emergencies in spaceflight.  453 
 454 
Robust screening remains the foundation of crew behavioral health mitigation strategies, primarily focusing on 455 
identifying participants capable at adapting to the spaceflight environment.1 Yet, the future exposes multifactorial 456 
challenges, including unique stressors on EIMO and incorporation of private-industry, commercial astronauts. 457 
Adverse cognitive and behavioral conditions may propagate development of mental disorders, requiring acute 458 
or chronic interventions during spaceflight.1,18 Certainly, no documented cases of emergent behavioral disorders 459 
have occurred. Despite suicidal ideation frequently being associated with depressive symptoms, suicidal 460 
behavior is not exclusive to depression. Frequent stressful thoughts perceived uncontrollable, akin to challenges 461 
expected in deep space exploration, have been characterized as a transdiagnostic symptom linked to increased 462 
suicide risk.59 Therefore, despite preflight screening in depressive symptoms, suicidal ideation may still be a 463 
required risk assessment. Thus, as mission profiles are rapidly evolving, consideration of the utility for current 464 
and future formularies remains necessary.    465 
 466 
The terrestrial pharmacologic standard of care for depression and anxiety continues to be with SSRIs as first 467 
line therapy. El-Khoury et al recently published an extensive review on the benefits and challenges SSRI pose 468 
within the spaceflight environment – including difficulties in prolonged therapy for desired outcome and potential 469 
effects on bone mineral density.7 In particular, the delayed neuroplasticity of SSRIs may limit their utility in an 470 
emergent operational scenerio.7,33,106 The real strength in consideration of ketamine as an antidepressant, 471 
independent of its ease of dosing and administration, is the fast outcomes reported in emergent situations – a 472 
testament to ketamine’s proliferative neuroplasticity.39 When considering use for EIMO, it’s notable that 473 
esketamine’s approval by the FDA was in conjunction with standard of care for depression, such as with an 474 
SSRI.49 Therefore, it is not without consideration that an emergent psychiatric indication could benefit from 475 
ketamine’s expedited onset of neuroplasticity in tandem with an SSRI. In other words, rapid improvement in 476 
depressive or suicidal behaviors by ketamine could be utilized as a bridge to SSRI and intervene early in a 477 
person’s vulnerable state.   478 
 479 
Ketamine continues to be widely used in prehospital and field medicine, often with minimal training or resource 480 
requirements.107 The ease of ketamine administration requires minimal training by healthcare providers, and 481 
thus, may be ideal for crew without formal professional medical training. Additionally, indications for ketamine 482 
our broad, spanning from use as an analgesic, anesthetic, sedative, and antidepressant.38 Although the cost has 483 
improved over the past decade with the advent of commercial spaceflight, utilizing a medication with multiple 484 
indications can provide payload space and mass optimization, ultimately reducing overhead costs associated 485 
with medical kit design.   486 
 487 
Intranasal esketamine is the only FDA-approved formulation at the moment for behavioral emergencies, and 488 
thus, off-label roles for IV or IM ketamine would need to be applied.49,54  Certainly, ketamine’s side effect profile 489 
continues to be a major hurdle in support of its use. The risk of inability to perform duties from dissociation in 490 
spaceflight is concerning. Yet, in the context of a true psychiatric emergency, flight controls for astronauts and 491 
critical mission operations will likely be restricted to the astronaut of behavioral concern. Nonetheless, 492 
dissociation has been reported to be transient and resolve by 90-120 minutes, yet, abatement in depression and 493 
suicidal thoughts continue well past this reported side effect.47,108 Multiple studies have shown a single dose of 494 
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ketamine may be sufficient for reduction in depressive symptoms.45,57,109 Anecdotally, repeat dosing of ketamine 495 
reported intrapersonal consistency in reduction of dissociation symptoms – in other words, the dissociative 496 
effects were blunted on repeat administration.47   497 
 498 
Ketamine continues to be an intriguing pharmacologic treatment revolutionizing the psychiatric community.  499 
Variability in optimizing routes of administration and dosage continue to the focus of current research. 500 
Consideration for its utility in spaceflight is still controversial given its limitations outlined in this review. However, 501 
the potential for ketamine as a ‘Swiss army knife’ medication in spaceflight cannot be ignored and further 502 
investigations should be explored.  503 



18 
 
ACKNOWLEDGEMENTS 504 
The authors would like to thank NASA Exploration Medical Capabilities (ExMC) for their support. 505 



19 
 
REFERENCES 506 
 507 
1. Slack K, Williams T, Schneiderman J, Whitmire A, Picano J. Evidence Report: Risk of Adverse Cognitive or 508 

Behavioral Conditions and Psychiatric Disorders. National Aeronautics and Space Administration; 2016. 509 
Accessed April 17, 2023. https://humanresearchroadmap.nasa.gov/evidence/reports/bmed.pdf 510 

2. Roma PG, Schneiderman JS, Schorn JM, Whiting SE, Landon LB, Williams TJ. Assessment of Spaceflight 511 
Medical Conditions’ and Treatments’ Potential Impacts on Behavioral Health and Performance. Life Sci 512 
Space Res (Amst). 2021;30:72-81. doi:10.1016/j.lssr.2021.05.006 513 

3. Dev S, Picano J, Peterson D. Risk of Adverse Cognitive or Behavioral Conditions and Psychiatric Disorders. 514 
Rev C1. Human System Risk Board; 2022. 515 

4. Billica R. Evidence Report: Inflight Medical Events for U.S. Astronauts during Space Shuttle Program STS-1  516 
through STS-89, April 1981–January 1998. Presentation to the Institute of Medicine Committee on  Creating 517 
a Vision for Space Medicine During Travel Beyond Earth Orbit. In: Risk of Adverse Cognitive or Behavioral 518 
Conditions and Psychiatric Disorders. National Aeronautics and Space Administration; 2000. Accessed April 519 
17, 2023. https://humanresearchroadmap.nasa.gov/evidence/reports/bmed.pdf 520 

5. Molina N, Viola M, Rogers M, et al. Suicidal Ideation in Bereavement: A Systematic Review. Behav Sci 521 
(Basel). 2019;9(5):53. doi:10.3390/bs9050053 522 

6. NASA Technical Reports Server. ISS Medical Kit Contents and References. Published online April 15, 2009. 523 
Accessed September 20, 2024. https://www.nasa.gov/wp-content/uploads/2015/03/medical_kit_checklist_-524 
_full_release.pdf 525 

7. El-Khoury BB, Ray KL, Altchuler SI, Reichard JF, Dukes CH. Selective Serotonin Reuptake Inhibitors and 526 
Other Treatment Modalities for Deep Space Missions. Aerosp Med Hum Perform. 2023;94(11):843-851. 527 
doi:10.3357/AMHP.6272.2023 528 

8. Salem H, Nagpal C, Pigott T, Teixeira AL. Revisiting Antipsychotic-induced Akathisia: Current Issues and 529 
Prospective Challenges. Curr Neuropharmacol. 2017;15(5):789-798. 530 
doi:10.2174/1570159X14666161208153644 531 

9. Kalniunas A, Chakrabarti I, Mandalia R, Munjiza J, Pappa S. The Relationship Between Antipsychotic-532 
Induced Akathisia and Suicidal Behaviour: A Systematic Review. Neuropsychiatr Dis Treat. 2021;17:3489-533 
3497. doi:10.2147/NDT.S337785 534 

10. Domany Y, Shelton RC, McCullumsmith CB. Ketamine for acute suicidal ideation. An emergency 535 
department intervention: A randomized, double-blind, placebo-controlled, proof-of-concept trial. Depress 536 
Anxiety. 2020;37(3):224-233. doi:10.1002/da.22975 537 

11. Witt K, Potts J, Hubers A, et al. Ketamine for suicidal ideation in adults with psychiatric disorders: A 538 
systematic review and meta-analysis of treatment trials. Aust N Z J Psychiatry. 2020;54(1):29-45. 539 
doi:10.1177/0004867419883341 540 

12. Abbar M, Demattei C, El-Hage W, et al. Ketamine for the acute treatment of severe suicidal ideation: 541 
double blind, randomised placebo controlled trial. BMJ. 2022;376:e067194. doi:10.1136/bmj-2021-067194 542 

13. Komorowski M, Watkins SD, Lebuffe G, Clark JB. Potential anesthesia protocols for space exploration 543 
missions. Aviat Space Environ Med. 2013;84(3):226-233. doi:10.3357/asem.3427.2013 544 

14. Antonsen EL, Bayuse TM, Blue RS, et al. Evidence Report: Risk of Adverse Health Outcoms and 545 
Decrements in Performance Due to in-Flight Medical Conditions. National Aeronautics and Space 546 
Administration, Houston, TX, USA. Approved for public release 08 May 2017; 2017. 547 



20 
 
15. Lieberman HR, Bathalon GP, Falco CM, Morgan CA, Niro PJ, Tharion WJ. The fog of war: decrements 548 

in cognitive performance and mood associated with combat-like stress. Aviat Space Environ Med. 549 
2005;76(7 Suppl):C7-14. 550 

16. Tozzi F, Prokopenko I, Perry JD, et al. Family history of depression is associated with younger age of 551 
onset in patients with recurrent depression. Psychol Med. 2008;38(5):641-649. 552 
doi:10.1017/S0033291707002681 553 

17. Cooper AD, Warner SG, Rivera AC, et al. Mental health, physical health, and health-related behaviors 554 
of U.S. Army Special Forces. PLoS One. 2020;15(6):e0233560. doi:10.1371/journal.pone.0233560 555 

18. Harrison A, Fiedler E. Behavioral Health. In: Psychology of Space Exploration: Contemporary Research 556 
in Historical Perspective. The NASA Histoy Series. National Aeronautics and Space Administration; 557 
2012:17-46. 558 

19. Clark, Jonathan B. A flight surgeon’s perspective on crew behavior and performance. Presented at: 559 
Presented at the Workshop for Space Radiation Collaboration with BHP; September 2007; Center for 560 
Advanced Space Studies. 561 

20. Reichhardt T, ed. Space Shuttle: The First 20 Years. DK Pub; 2002. 562 

21. Palinkas LA, Suedfeld P. Psychological effects of polar expeditions. Lancet. 2008;371(9607):153-163. 563 
doi:10.1016/S0140-6736(07)61056-3 564 

22. Palinkas LA, Glogower F, Dembert M, Hansen K, Smullen R. Incidence of psychiatric disorders after 565 
extended residence in Antarctica. Int J Circumpolar Health. 2004;63(2):157-168. 566 
doi:10.3402/ijch.v63i2.17702 567 

23. Otto C. Antarctica: analog for spaceflight. Presented at: In Presentation to NASA Behavioral Health and 568 
Performance; 2007; Houston, TX: Wyle Integrated Science and Engineering Group. 569 

24. Palinkas LA. Going to extremes: the cultural context of stress, illness and coping in Antarctica. Soc Sci 570 
Med. 1992;35(5):651-664. doi:10.1016/0277-9536(92)90004-a 571 

25. Sandal GM, van deVijver FJR, Smith N. Psychological Hibernation in Antarctica. Front Psychol. 572 
2018;9:2235. doi:10.3389/fpsyg.2018.02235 573 

26. Thomas TL, Hooper TI, Camarca M, et al. A method for monitoring the health of US Navy submarine 574 
crewmembers during periods of isolation. Aviat Space Environ Med. 2000;71(7):699-705. 575 

27. Basner M, Dinges DF, Mollicone DJ, et al. Psychological and behavioral changes during confinement in 576 
a 520-day simulated interplanetary mission to mars. PLoS One. 2014;9(3):e93298. 577 
doi:10.1371/journal.pone.0093298 578 

28. Friedman E, Bui B. A Psychiatric Formulary for Long-Duration Spaceflight. Aerosp Med Hum Perform. 579 
2017;88(11):1024-1033. doi:10.3357/AMHP.4901.2017 580 

29. Hirschfeld RM. History and evolution of the monoamine hypothesis of depression. J Clin Psychiatry. 581 
2000;61 Suppl 6:4-6. 582 

30. Liu W, Ge T, Leng Y, et al. The Role of Neural Plasticity in Depression: From Hippocampus to Prefrontal 583 
Cortex. Neural Plast. 2017;2017:6871089. doi:10.1155/2017/6871089 584 

31. Walsh S. FDA approves new nasal spray medication for treatment-resistant depression; available only 585 
at a certified doctor’s office or clinic. Published online March 5, 2019. Accessed September 1, 2024. 586 
https://www.fda.gov/news-events/press-announcements/fda-approves-new-nasal-spray-medication-587 
treatment-resistant-depression-available-only-certified 588 



21 
 
32. Kang MJY, Hawken E, Vazquez GH. The Mechanisms Behind Rapid Antidepressant Effects of 589 

Ketamine: A Systematic Review With a Focus on Molecular Neuroplasticity. Front Psychiatry. 590 
2022;13:860882. doi:10.3389/fpsyt.2022.860882 591 

33. Duman CH, Duman RS. Spine synapse remodeling in the pathophysiology and treatment of 592 
depression. Neurosci Lett. 2015;601:20-29. doi:10.1016/j.neulet.2015.01.022 593 

34. Li N, Liu RJ, Dwyer JM, et al. Glutamate N-methyl-D-aspartate receptor antagonists rapidly reverse 594 
behavioral and synaptic deficits caused by chronic stress exposure. Biol Psychiatry. 2011;69(8):754-761. 595 
doi:10.1016/j.biopsych.2010.12.015 596 

35. Duman RS. Ketamine and rapid-acting antidepressants: a new era in the battle against depression and 597 
suicide. F1000Res. 2018;7:F1000 Faculty Rev-659. doi:10.12688/f1000research.14344.1 598 

36. Hashimoto K. Rapid-acting antidepressant ketamine, its metabolites and other candidates: A historical 599 
overview and future perspective. Psychiatry Clin Neurosci. 2019;73(10):613-627. doi:10.1111/pcn.12902 600 

37. Kargbo RB. Psychoplastogens: A Novel Therapeutic Approach for Neurological Diseases and 601 
Disorders. ACS Med Chem Lett. 2023;14(9):1144-1145. doi:10.1021/acsmedchemlett.3c00309 602 

38. Li L, Vlisides PE. Ketamine: 50 Years of Modulating the Mind. Front Hum Neurosci. 2016;10:612. 603 
doi:10.3389/fnhum.2016.00612 604 

39. Maguire L, Bullard T, Papa L. Ketamine for acute suicidality in the emergency department: A systematic 605 
review. Am J Emerg Med. 2021;43:54-58. doi:10.1016/j.ajem.2020.12.088 606 

40. Newport DJ, Carpenter LL, McDonald WM, et al. Ketamine and Other NMDA Antagonists: Early Clinical 607 
Trials and Possible Mechanisms in Depression. Am J Psychiatry. 2015;172(10):950-966. 608 
doi:10.1176/appi.ajp.2015.15040465 609 

41. Woelfer M, Li M, Colic L, et al. Ketamine-induced changes in plasma brain-derived neurotrophic factor 610 
(BDNF) levels are associated with the resting-state functional connectivity of the prefrontal cortex. World J 611 
Biol Psychiatry. 2020;21(9):696-710. doi:10.1080/15622975.2019.1679391 612 

42. Canuso CM, Singh JB, Fedgchin M, et al. Efficacy and Safety of Intranasal Esketamine for the Rapid 613 
Reduction of Symptoms of Depression and Suicidality in Patients at Imminent Risk for Suicide: Results of a 614 
Double-Blind, Randomized, Placebo-Controlled Study. Focus (Am Psychiatr Publ). 2019;17(1):55-65. 615 
doi:10.1176/appi.focus.17105 616 

43. Collo G, Merlo Pich E. Ketamine enhances structural plasticity in human dopaminergic neurons: 617 
possible relevance for treatment-resistant depression. Neural Regen Res. 2018;13(4):645-646. 618 
doi:10.4103/1673-5374.230288 619 

44. Ma X, Yan J, Jiang H. Application of Ketamine in Pain Management and the Underlying Mechanism. 620 
Pain Res Manag. 2023;2023:1928969. doi:10.1155/2023/1928969 621 

45. Domany Y, McCullumsmith CB. Single, Fixed-Dose Intranasal Ketamine for Alleviation of Acute Suicidal 622 
Ideation. An Emergency Department, Trans-Diagnostic Approach: A Randomized, Double-Blind, Placebo-623 
Controlled, Proof-of-Concept Trial. Arch Suicide Res. 2022;26(3):1250-1265. 624 
doi:10.1080/13811118.2021.1878078 625 

46. Duman RS, Monteggia LM. A neurotrophic model for stress-related mood disorders. Biol Psychiatry. 626 
2006;59(12):1116-1127. doi:10.1016/j.biopsych.2006.02.013 627 

47. Kritzer MD, Mischel NA, Young JR, et al. Ketamine for treatment of mood disorders and suicidality: A 628 
narrative review of recent progress. Ann Clin Psychiatry. 2022;34(1):33-43. doi:10.12788/acp.0048 629 



22 
 
48. Wong JJ, O’Daly O, Mehta MA, Young AH, Stone JM. Ketamine modulates subgenual cingulate 630 

connectivity with the memory-related neural circuit-a mechanism of relevance to resistant depression? 631 
PeerJ. 2016;4:e1710. doi:10.7717/peerj.1710 632 

49. FDA Drug Label Information Spravato Esketamine Spray. US Food and Drug Administration; 2024. 633 
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/211243s003lbl.pdf 634 

50. Popova V, Daly E, Trivedi M, et al. S111. Randomized, Double-Blind Study of Flexibly-Dosed Intranasal 635 
Esketamine Plus Oral Antidepressant Vs. Active Control in Treatment-Resistant Depression. Biological 636 
Psychiatry. 2018;83(9):S390. doi:10.1016/j.biopsych.2018.02.1002 637 

51. Ochs-Ross R, Daly EJ, Zhang Y, et al. S114. Efficacy and Safety of Intranasal Esketamine Plus an Oral 638 
Antidepressant in Elderly Patients With Treatment-Resistant Depression. Biological Psychiatry. 639 
2018;83(9):S391. doi:10.1016/j.biopsych.2018.02.1005 640 

52. Daly E, Trivedi M, Janik A, et al. A randomized withdrawal, double-blind, multicenter study of 641 
esketamine nasal spray plus an oral antidepressant for relapse prevention in treatment-resistant depression. 642 
In: Vol 29. ; 2018. 643 

53. Wajs E, Aluisio L, Holder R, et al. Esketamine nasal spray plus oral antidepressant in patients with 644 
treatment-resistant depression: assessment of long-term safety in a phase 3, open-label study (SUSTAIN-645 
2). The Journal of clinical psychiatry. 2020;81(3):10773. 646 

54. Bahr R, Lopez A, Rey JA. Intranasal Esketamine (SpravatoTM) for Use in Treatment-Resistant 647 
Depression In Conjunction With an Oral Antidepressant. P T. 2019;44(6):340-375. 648 

55. Murrough JW, Iosifescu DV, Chang LC, et al. Antidepressant efficacy of ketamine in treatment-resistant 649 
major depression: a two-site randomized controlled trial. Am J Psychiatry. 2013;170(10):1134-1142. 650 
doi:10.1176/appi.ajp.2013.13030392 651 

56. Siegel AN, Di Vincenzo JD, Brietzke E, et al. Antisuicidal and antidepressant effects of ketamine and 652 
esketamine in patients with baseline suicidality: A systematic review. J Psychiatr Res. 2021;137:426-436. 653 
doi:10.1016/j.jpsychires.2021.03.009 654 

57. Wilkinson ST, Ballard ED, Bloch MH, et al. The Effect of a Single Dose of Intravenous Ketamine on 655 
Suicidal Ideation: A Systematic Review and Individual Participant Data Meta-Analysis. Am J Psychiatry. 656 
2018;175(2):150-158. doi:10.1176/appi.ajp.2017.17040472 657 

58. Ballard ED, Ionescu DF, Vande Voort JL, et al. Improvement in suicidal ideation after ketamine infusion: 658 
relationship to reductions in depression and anxiety. J Psychiatr Res. 2014;58:161-166. 659 
doi:10.1016/j.jpsychires.2014.07.027 660 

59. Caudle MM, Dugas NN, Patel K, Moore RC, Thomas ML, Bomyea J. Repetitive negative thinking as a 661 
unique transdiagnostic risk factor for suicidal ideation. Psychiatry Res. 2024;334:115787. 662 
doi:10.1016/j.psychres.2024.115787 663 

60. Fava M, Freeman MP, Flynn M, et al. Double-blind, placebo-controlled, dose-ranging trial of 664 
intravenous ketamine as adjunctive therapy in treatment-resistant depression (TRD). Mol Psychiatry. 665 
2020;25(7):1592-1603. doi:10.1038/s41380-018-0256-5 666 

61. Grunebaum MF, Galfalvy HC, Choo TH, et al. Ketamine for Rapid Reduction of Suicidal Thoughts in 667 
Major Depression: A Midazolam-Controlled Randomized Clinical Trial. Am J Psychiatry. 2018;175(4):327-668 
335. doi:10.1176/appi.ajp.2017.17060647 669 



23 
 
62. Albott CS, Lim KO, Forbes MK, et al. Efficacy, Safety, and Durability of Repeated Ketamine Infusions 670 

for Comorbid Posttraumatic Stress Disorder and Treatment-Resistant Depression. J Clin Psychiatry. 671 
2018;79(3):17m11634. doi:10.4088/JCP.17m11634 672 

63. Su TP, Chen MH, Li CT, et al. Dose-Related Effects of Adjunctive Ketamine in Taiwanese Patients with 673 
Treatment-Resistant Depression. Neuropsychopharmacology. 2017;42(13):2482-2492. 674 
doi:10.1038/npp.2017.94 675 

64. Grunebaum MF, Ellis SP, Keilp JG, et al. Ketamine versus midazolam in bipolar depression with 676 
suicidal thoughts: A pilot midazolam-controlled randomized clinical trial. Bipolar Disord. 2017;19(3):176-183. 677 
doi:10.1111/bdi.12487 678 

65. Ghasemi M, Kazemi MH, Yoosefi A, et al. Rapid antidepressant effects of repeated doses of ketamine 679 
compared with electroconvulsive therapy in hospitalized patients with major depressive disorder. Psychiatry 680 
Res. 2014;215(2):355-361. doi:10.1016/j.psychres.2013.12.008 681 

66. Zarate CA, Singh JB, Carlson PJ, et al. A randomized trial of an N-methyl-D-aspartate antagonist in 682 
treatment-resistant major depression. Arch Gen Psychiatry. 2006;63(8):856-864. 683 
doi:10.1001/archpsyc.63.8.856 684 

67. Berman RM, Cappiello A, Anand A, et al. Antidepressant effects of ketamine in depressed patients. Biol 685 
Psychiatry. 2000;47(4):351-354. doi:10.1016/s0006-3223(99)00230-9 686 

68. Singh JB, Fedgchin M, Daly E, et al. Intravenous Esketamine in Adult Treatment-Resistant Depression: 687 
A Double-Blind, Double-Randomization, Placebo-Controlled Study. Biol Psychiatry. 2016;80(6):424-431. 688 
doi:10.1016/j.biopsych.2015.10.018 689 

69. Fu DJ, Zhang Q, Shi L, et al. Esketamine versus placebo on time to remission in major depressive 690 
disorder with acute suicidality. BMC Psychiatry. 2023;23(1):587. doi:10.1186/s12888-023-05017-y 691 

70. Canuso CM, Ionescu DF, Li X, et al. Esketamine Nasal Spray for the Rapid Reduction of Depressive 692 
Symptoms in Major Depressive Disorder With Acute Suicidal Ideation or Behavior. J Clin Psychopharmacol. 693 
2021;41(5):516-524. doi:10.1097/JCP.0000000000001465 694 

71. Ionescu DF, Fu DJ, Qiu X, et al. Esketamine Nasal Spray for Rapid Reduction of Depressive Symptoms 695 
in Patients With Major Depressive Disorder Who Have Active Suicide Ideation With Intent: Results of a 696 
Phase 3, Double-Blind, Randomized Study (ASPIRE II). Int J Neuropsychopharmacol. 2021;24(1):22-31. 697 
doi:10.1093/ijnp/pyaa068 698 

72. Fedgchin M, Trivedi M, Daly EJ, et al. Efficacy and Safety of Fixed-Dose Esketamine Nasal Spray 699 
Combined With a New Oral Antidepressant in Treatment-Resistant Depression: Results of a Randomized, 700 
Double-Blind, Active-Controlled Study (TRANSFORM-1). Int J Neuropsychopharmacol. 2019;22(10):616-701 
630. doi:10.1093/ijnp/pyz039 702 

73. Popova V, Daly EJ, Trivedi M, et al. Efficacy and Safety of Flexibly Dosed Esketamine Nasal Spray 703 
Combined With a Newly Initiated Oral Antidepressant in Treatment-Resistant Depression: A Randomized 704 
Double-Blind Active-Controlled Study. Am J Psychiatry. 2019;176(6):428-438. 705 
doi:10.1176/appi.ajp.2019.19020172 706 

74. Daly EJ, Singh JB, Fedgchin M, et al. Efficacy and Safety of Intranasal Esketamine Adjunctive to Oral 707 
Antidepressant Therapy in Treatment-Resistant Depression: A Randomized Clinical Trial. JAMA Psychiatry. 708 
2018;75(2):139-148. doi:10.1001/jamapsychiatry.2017.3739 709 

75. Canuso CM, Singh JB, Fedgchin M, et al. Efficacy and Safety of Intranasal Esketamine for the Rapid 710 
Reduction of Symptoms of Depression and Suicidality in Patients at Imminent Risk for Suicide: Results of a 711 



24 
 

Double-Blind, Randomized, Placebo-Controlled Study. Am J Psychiatry. 2018;175(7):620-630. 712 
doi:10.1176/appi.ajp.2018.17060720 713 

76. Lapidus KAB, Levitch CF, Perez AM, et al. A randomized controlled trial of intranasal ketamine in major 714 
depressive disorder. Biol Psychiatry. 2014;76(12):970-976. doi:10.1016/j.biopsych.2014.03.026 715 

77. Jones GH, Vecera CM, Ruiz AC, et al. A Randomized, Double-Blind, Placebo-Controlled Pilot Trial of 716 
the Acute Antisuicidal and Antidepressant Effects of Intranasal (R,S)-Ketamine in Severe Unipolar and 717 
Bipolar Depression With and Without Comorbid Alcohol Use Disorder. J Clin Psychiatry. 718 
2024;85(2):23m14974. doi:10.4088/JCP.23m14974 719 

78. George D, Gálvez V, Martin D, et al. Pilot Randomized Controlled Trial of Titrated Subcutaneous 720 
Ketamine in Older Patients with Treatment-Resistant Depression. Am J Geriatr Psychiatry. 721 
2017;25(11):1199-1209. doi:10.1016/j.jagp.2017.06.007 722 

79. Mahoney PF, McFarland CC. Field Anesthesia and Military Injury. In: Smith CE, ed. Trauma Anesthesia. 723 
Cambridge University Press; 2008:343-359. doi:10.1017/CBO9780511547447.025 724 

80. Hayward-Karlsson J. Hospitals for War-Wounded: A Practical Guide for Setting up and Running a 725 
Surgical Hospital in an Area of Armed Conflict. International Committee of the Red Cross; 1999. 726 

81. Mercer SJ. ’The Drug of War’--a historical review of the use of Ketamine in military conflicts. J R Nav 727 
Med Serv. 2009;95(3):145-150. 728 

82. Wedmore IS, Butler FK. Battlefield Analgesia in Tactical Combat Casualty Care. Wilderness Environ 729 
Med. 2017;28(2S):S109-S116. doi:10.1016/j.wem.2017.04.001 730 

83. Guldner GT, Petinaux B, Clemens P, Foster S, Antoine S. Ketamine for procedural sedation and 731 
analgesia by nonanesthesiologists in the field: a review for military health care providers. Mil Med. 732 
2006;171(6):484-490. doi:10.7205/milmed.171.6.484 733 

84. Vanolli K, Hugli O, Eidenbenz D, Suter MR, Pasquier M. Prehospital Use of Ketamine in Mountain 734 
Rescue: A Survey of Emergency Physicians of a Single-Center Alpine Helicopter-Based Emergency 735 
Service. Wilderness Environ Med. 2020;31(4):385-393. doi:10.1016/j.wem.2020.06.004 736 

85. Ketcham DW. Where there is no anaesthesiologist: the many uses of ketamine. Trop Doct. 737 
1990;20(4):163-166. doi:10.1177/004947559002000407 738 

86. Bishop RA, Litch JA, Stanton JM. Ketamine anesthesia at high altitude. High Alt Med Biol. 739 
2000;1(2):111-114. doi:10.1089/15270290050074251 740 

87. World Health Organization Model List of Essential Medicines - 22nd List, 2021. World Health 741 
Organization 742 

88. Sinner B, Graf BM. Ketamine. In: Schüttler J, Schwilden H, eds. Modern Anesthetics. Springer Berlin 743 
Heidelberg; 2008:313-333. doi:10.1007/978-3-540-74806-9_15 744 

89. Huvelle S, Godet M, Hecq JD, et al. Long-term stability of ketamine hydrochloride 50mg/ml injection in 745 
3ml syringes. Ann Pharm Fr. 2016;74(4):283-287. doi:10.1016/j.pharma.2016.03.003 746 

90. Foertsch MJ, McMullan JT, Harger NJ, et al. Ketamine Stability over Six Months of Exposure to 747 
Moderate and High Temperature Environments. Prehosp Emerg Care. 2022;26(3):422-427. 748 
doi:10.1080/10903127.2021.1934203 749 

91. Ancedy D, Sebti M, Postaire M, Vidal F, Cisternino S, Schlatter J. Stability of 10-mg/mL and 50-mg/mL 750 
ketamine oral solutions. Am J Health Syst Pharm. 2021;78(9):825-831. doi:10.1093/ajhp/zxab066 751 



25 
 
92. Gálvez V, Li A, Huggins C, et al. Repeated intranasal ketamine for treatment-resistant depression - the 752 

way to go? Results from a pilot randomised controlled trial. J Psychopharmacol. 2018;32(4):397-407. 753 
doi:10.1177/0269881118760660 754 

93. Meshkat S, Haikazian S, Di Vincenzo JD, et al. Oral ketamine for depression: An updated systematic 755 
review. World J Biol Psychiatry. 2023;24(7):545-557. doi:10.1080/15622975.2023.2169349 756 

94. Short B, Fong J, Galvez V, Shelker W, Loo CK. Side-effects associated with ketamine use in 757 
depression: a systematic review. Lancet Psychiatry. 2018;5(1):65-78. doi:10.1016/S2215-0366(17)30272-9 758 

95. Dinis-Oliveira RJ. Metabolism and metabolomics of ketamine: a toxicological approach. Forensic Sci 759 
Res. 2017;2(1):2-10. doi:10.1080/20961790.2017.1285219 760 

96. Domino EF, Domino SE, Smith RE, et al. Ketamine kinetics in unmedicated and diazepam-761 
premedicated subjects. Clinical Pharmacology & Therapeutics. 1984;36(5):645-653. 762 

97. Blue RS, Chancellor JC, Antonsen EL, Bayuse TM, Daniels VR, Wotring VE. Limitations in predicting 763 
radiation-induced pharmaceutical instability during long-duration spaceflight. NPJ Microgravity. 2019;5:15. 764 
doi:10.1038/s41526-019-0076-1 765 

98. Bredmose PP, Lockey DJ, Grier G, Watts B, Davies G. Pre-hospital use of ketamine for analgesia and 766 
procedural sedation. Emerg Med J. 2009;26(1):62-64. doi:10.1136/emj.2007.052753 767 

99. Du B, Daniels VR, Vaksman Z, Boyd JL, Crady C, Putcha L. Evaluation of physical and chemical 768 
changes in pharmaceuticals flown on space missions. AAPS J. 2011;13(2):299-308. doi:10.1208/s12248-769 
011-9270-0 770 

100. Vidal S, Gex-Fabry M, Bancila V, et al. Efficacy and Safety of a Rapid Intravenous Injection of Ketamine 771 
0.5 mg/kg in Treatment-Resistant Major Depression: An Open 4-Week Longitudinal Study. J Clin 772 
Psychopharmacol. 2018;38(6):590-597. doi:10.1097/JCP.0000000000000960 773 

101. Loo CK, Gálvez V, O’Keefe E, et al. Placebo-controlled pilot trial testing dose titration and intravenous, 774 
intramuscular and subcutaneous routes for ketamine in depression. Acta Psychiatr Scand. 2016;134(1):48-775 
56. doi:10.1111/acps.12572 776 

102. Buchmayer F, Kasper S. Overcoming the myths of esketamine administration: different and not difficult. 777 
Front Psychiatry. 2023;14:1279657. doi:10.3389/fpsyt.2023.1279657 778 

103. Loeser KK, McKoy JM, Schumock GT. Anatomy of Risk Evaluation and Mitigation Strategies (REMS). 779 
Cancer Treat Res. 2019;171:93-105. doi:10.1007/978-3-319-43896-2_7 780 

104. Mallick F, McCullumsmith CB. Ketamine for Treatment of Suicidal Ideation and Reduction of Risk for 781 
Suicidal Behavior. Current Psychiatry Reports. 2016;18(6):61. doi:10.1007/s11920-016-0680-7 782 

105. Li L, Vlisides PE. Ketamine: 50 Years of Modulating the Mind. Front Hum Neurosci. 2016;10:612. 783 
doi:10.3389/fnhum.2016.00612 784 

106. Melo L, Beaupain MC, Ghanavati E, Kuo MF, Nitsche MA. Neurochemical mechanisms underlying 785 
serotonergic modulation of neuroplasticity in humans. Brain Stimul. 2024;17(2):421-430. 786 
doi:10.1016/j.brs.2024.04.001 787 

107. Svenson JE, Abernathy MK. Ketamine for prehospital use: new look at an old drug. Am J Emerg Med. 788 
2007;25(8):977-980. doi:10.1016/j.ajem.2007.02.040 789 

108. Gitlin J, Chamadia S, Locascio JJ, et al. Dissociative and Analgesic Properties of Ketamine Are 790 
Independent. Anesthesiology. 2020;133(5):1021-1028. doi:10.1097/ALN.0000000000003529 791 



26 
 
109. DiazGranados N, Ibrahim LA, Brutsche NE, et al. Rapid resolution of suicidal ideation after a single 792 

infusion of an N-methyl-D-aspartate antagonist in patients with treatment-resistant major depressive 793 
disorder. J Clin Psychiatry. 2010;71(12):1605-1611. doi:10.4088/JCP.09m05327blu 794 

 795 


