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Abstract

As NASA prepares for longer space missions aiming for the Moon and Mars, astronauts’ health 

and performance are becoming a central concern due to the threats associated with galactic 

cosmic radiation, unnatural gravity fields, and life in extreme environments. In space, the human 

brain undergoes functional and structural changes related to fluid shift and intracranial pressure. 

Behavioral abnormalities, such as cognitive deficits, sleep disruption, and visuomotor difficulties, 

as well as psychological effects, are also a concern. We discuss opportunities and challenges 

of noninvasive brain stimulation (NiBS) methods — including transcranial magnetic stimulation 

(TMS) and transcranial electrical stimulation (tES) — to support space exploration in several 

ways. NiBS includes safe and portable techniques already applied in a wide range of cognitive and 

motor domains, as well as therapeutically. NiBS could be used to enhance in-flight performance, 

supporting astronauts during pre-flight Earth-based training, as well as to identify biomarkers of 

post-flight brain changes for optimization of rehabilitation/compensatory strategies. We review 

these NiBS techniques and their effects on brain physiology, psychology, and cognition.
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1) INTRODUCTION

Space travel presents significant challenges to human physiology. The average length of 

spaceflights has increased from few days up to several months, with the forthcoming first 

Mars landing (scheduled by NASA for year ~2034) expected to require approximately 2 

years of travel. Even shorter missions, such as the ~30/60 days Moon landing in ~2024 

will present challenges, ultimately leading to the complexity of building long-lasting space 

installations on Lunar and Martian surfaces. Space exploration involves multiple classes 

of stressors, ranging from microgravity and cosmic radiations affecting human physiology 

to those related to living in a confined and isolated environment impacting mood and 

cognition. Therefore, acute and long-lasting health consequences need to be evaluated and 

new potential countermeasures investigated, both during lunar missions (as an analog to 

Mars missions) and ground-based studies. For astronauts, the need to optimize cognitive 

performance in response to unanticipated situations is pivotal to mission success. In the 

last two decades, different cognitive tasks and relevant brain regions have been investigated 

for their response to radiation exposure in animal models, with deficits mostly involving 

the medial prefrontal cortex (mPFC) and the hippocampus, with impairments in episodic 

and spatial memory retention (Britten et al., 2014; Lonart et al., 2012; Parihar et al., 2015; 

Tseng et al., 2014). Specifically, cognitive deficits seem to result from a reduction of 

dendritic complexity and spine density due to exposure to space-relevant flows of charged 

particles (Parihar et al., 2015). On the other hand, microgravity seems to be associated 

with motor impairment as a consequence of the cortical reorganization of motor cortices 

(Demertzi et al., 2016). The prolonged stress caused by living in an Isolated, Confined, and 

Extreme (ICE) environment, can also induce depressive states and anxiety and associated 

with abnormal sleep patterns and loss of appetite, as seen in animals (Barger et al., 2014; 

Dunn et al., 2004). Furthermore, cognitive and brain adaptation appears as a result of CO2 

increase in the space cabin (Law et al., 2014; NASA/TP–2010– 216126). Currently proposed 

solutions are mainly directed at the spacecraft design level to mitigate some stressors: thick 

shields incorporated into the walls of the spacecraft habitat to minimize radiation exposure, 

and rotating habitats designed to produce an artificial gravitational field to mitigate effects 

of microgravity (Durante, 2014). Although these ideas can be effective, additional solutions 

directly targeting and interacting with human physiology could ensure more protection of 

astronauts’ health (Sprugnoli et al., 2019).

Noninvasive brain stimulation (NiBS) encompasses techniques able to modify brain activity 

employing controlled, high-resolution transcranial delivery of electric field stimuli (Ridding 

and Rothwell, 2007; Rossini and Rossi, 2007; Valero-Cabré et al., 2017). Among various 

NiBS techniques, transcranial magnetic stimulation (TMS) and transcranial electrical 

stimulation (tES) might represent a valid set of potential countermeasures to target a wide 

range of spaceflight risks (Figure 1) recognized by the Human Research Program (HRP) 

roadmap (NASA IG-18-021). TMS safety and efficacy have enabled its approval by the 
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Food and Drug Administration (FDA) for the treatment of pharmacoresistant depression, 

obsessive-compulsive disorder, and migraine. TMS generates a high electric field (~100–200 

V/m) through a time-varying magnetic field induced by a coil and can focally produce 

neuronal spiking (Rossi et al., 2009). Albeit TMS application may be unpractical during 

actual spaceflights due to its weight and size, its use before and after missions could 

help to collect data on cortical excitability, plasticity and connectivity levels in the brain 

(Bestmann, 2008; Ferreri and Rossini, 2013). TMS can thus constitute a valuable tool 

to uncover the (patho)-physiological brain response to space missions and reveal specific 

biomarkers of astronaut brain adaptation to spaceflight. Differently, tES modulates neuronal 

populations through a weak (usually below 2mA) electric current delivered via scalp 

electrodes, generating cortical electric fields insufficient to trigger an action potential but 

strong enough to modulate membrane excitability (Paulus, 2011). Specifically, tES can 

entrain brain oscillatory activity and change cortical excitability (Paulus, 2011). Various tES 

studies have already been implemented in a wide range of cognitive tasks, leading to an 

enhancement of performance in many cognitive functions, such as alertness, multitasking, 

language, visuomotor coordination, visual acuity, and working memory span (Brunoni and 

Vanderhasselt, 2014; McKinley et al., 2013; Santarnecchi et al., 2017), as well as higher 

cognitive domains such as abstract reasoning, fluid intelligence, and insight (Dockery et al., 

2009; Santarnecchi et al., 2013; Santarnecchi et al., 2019). Due to tES safety profile and 

portability, its application in clinical and research domains is particularly appealing (Antal 

et al., 2017). Studies have shown an improvement in cognitive and motor performances with 

results translating outside the laboratory walls, also in terms of performance enhancement on 

professional athletes, soldiers, surgeons, and air force pilots (Ciechanski et al., 2018, 2017; 

McKinley et al., 2013; Okano et al., 2015). Considering the promising results obtained on 

“ground-based” populations, tES could be a useful tool to enhance visuomotor and cognitive 

skills of astronauts and cosmonauts, accelerating training efficacy and possibly preventing 

detrimental effects of spaceflight. This application could also be valuable for mission control 

operations to facilitate the training and performance of Earth-based crew personnel during 

missions.

The present review offers an overview of the opportunities and challenges in NiBS 

applications for space exploration. We firstly present currently available TMS and tES 

protocols, discussing their safety and feasibility, as well as more advanced methods 

including the optimization and combination of these techniques (Antal et al., 2017). We 

then summarize the main space-related stress factors such as gravity changes, cosmic 

radiation, and ICE-related consequences. Considering the reported detrimental effects of 

space missions on the central nervous system (CNS; Acharya et al., 2019), we suggest NiBS 

as a potential tool to enhance crew performance and well-being in a wide range of cognitive, 

motor, and psychological domains. Such an approach could be particularly helpful for a 

long-duration stay in space installations on Lunar and Martian surfaces, as well as on the 

International Space Station (ISS). Applications also include facilitation of pre-flight Earth­

based training, to consolidate and potentially accelerate procedural learning. We also suggest 

NiBS implementation to enhance performance in Earth-based mission control personals 

during active shifts and for the measurement of perturbation biomarkers pre and post-flight. 
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We finally address open issues and technical challenges for NiBS implementation during 

space missions, proposing possible tests, and further research.

2) SPACEFLIGHT RELATED STRESSORS

Many factors can play a role in threat or maintain astronaut wellbeing. These can be divided 

in environmental stressors, including gravity variance, cosmic radiation, pressure, extreme 

temperature, and changes in light/dark cycles; spacecraft stressors, such as vibration, 

noise, internal temperature, light, life support systems, and habitable design; psychological 
stressors, like isolation, danger, monotony, workload, and teamwork (Kanas and Manzey, 

2008). Several gaps identified by NASA HRP (Supplementary Figure 1) open potential 

implementations compatible with the capabilities of NiBS. Below we introduce three 

classes of stressors and their consequences on human physiology, such as weightlessness 

(Microgravity), Galactic Cosmic Radiation (GCR), and life in Isolated, Confined, and 

Extreme confined environment (ICE).

2.1) Weightlessness (Microgravity)

Future space missions will consist not only in longer time spent in spacecraft but also longer 

periods of exposure to weightlessness with several transitions between different gravity 

levels, from 1g on Earth to 0.16g on the Moon, to 0.38g on Mars. Gravity changes introduce 

physiological deconditioning, involving for example hydrostatic shift and neuro vestibular 

adaption, and, ultimately, potential modifications in brain anatomy and neurophysiology 

(Demertzi et al., 2016). For instance, investigations conducted on actual spaceflight reported 

an increase in α frequency (8–12 Hz) in parieto-occipital and sensorimotor areas, possibly 

related to decreased gravitational input (Cheron et al., 2006). Because of the inverse 

relationship between α power amplitude and BOLD signal (Feige et al., 2005), the increase 

in α oscillations during permanence on the ISS has been associated with a general decrease 

of cerebral blood oxygenation (Schneider et al., 2008), further underlined stronger α power 

desynchronization (event-related desynchronization: ERD) from occipital-parietal (α ERD) 

to central areas (μ ERD). Interestingly, authors also found a significant contribution to this 

α rhythm of the cerebellum and vestibular network in microgravity (Cebolla et al., 2016), 

possibly due to increased processing effort and demand necessary for postural stabilization 

to integrate incongruent vestibular information.

To date, only two studies reported functional MRI (fMRI) results related to spaceflight 

(Demertzi et al., 2016). The fMRI protocol was applied twice on a 44yo male cosmonaut 

during his first long-duration mission (169 days) on the ISS, i.e., 30 days before launch 

and 9 days after earth re-entry. The authors reported a decrease of resting-state functional 

connectivity of the right insula as well as between the left cerebellum and right motor 

cortex. The functional modification detected in the insula can be explained by its role 

in the integration of neurosensory input (i.e., vestibular, visual and proprioceptive) and 

its functions in the processing of self-motion, spatial orientation (Brandt et al., 2005), 

perception of vertical (Lopez et al., 2007), and visual processing related to gravitational 

cues (Lopez et al., 2009). Motor cortex appeared less connected during resting-state and it 

was activated more during a motor imagery task (e.g. playing tennis or walking) probably 
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due to compensatory and adaptive response to a microgravity environment. Regions 

showing adaptation to microgravity, such as the precentral/postcentral gyri and cerebellum, 

are associated with voluntary motor initiation, proprioception, and motor coordination 

(Demertzi et al., 2016). Functional alterations in these brain areas due to weightlessness, are 

followed by decreased speed and accuracy of fine goal-oriented movements, somatosensory 

difficulties, and movement-timing impairment (De la Torre, 2014). A second study explored 

task-based functional connectivity alterations of 11 astronauts after long-term mission 

respect to healthy controls not involved in space missions (Pechenkova et al., 2019). A 

plantar stimulation was applied with an on-off paradigm to elicit the mechanoreceptors 

responsible for the postural and locomotor control that are strongly impaired during 

the spaceflight as well as upon return to Earth. The investigators found a post-flight 

increase in connectivity in the right posterior supramarginal gyrus (involved in vestibular 

input processing and perception of upright position) as well as a decrease between the 

vestibular nuclei, right inferior parietal cortex, cerebellum and motor, visual, vestibular, and 

proprioception areas. Furthermore, the post-flight to the pre-flight difference in connectivity 

between the right supramarginal gyrus and the left anterior insula was found to be 

positively correlated with the severity of space motion sickness symptoms (Pechenkova 

et al., 2019). Authors referred the functional connectivity alterations to the long-term 

microgravity exposure that cause an important sensory deprivation, while on the other hand, 

the absence of differences in pure brain activation due to plantar stimulation might be 

attributed to the fast recovery upon returning to Earth (Pechenkova et al., 2019). In any case, 

microgravity seems to induce changes in the multisensory and locomotor brain domains, that 

however require long-term investigations and larger samples to appropriately disentangle its 

(patho)physiological consequences (Pechenkova et al., 2019).

It is pivotal also to discuss a recognized ophthalmological health risk often evolved during 

long-duration spaceflight, the Spaceflight Associated Neuro-ocular Syndrome (SANS), 

previously called Vision Impairment and Intracranial Pressure (VIIP). This syndrome 

affects two-thirds of US crew members who flew on ISS (NASA, Human Exploration 

Research Opportunities: HERO, 2015), consisting of visual performance decrements and 

ocular structural changes (Kramer et al., 2012; Mader et al., 2011). Following their return 

to Earth, some astronauts showed partially reversed modifications to previous conditions, 

while changes persisted in others (Mader et al., 2011). SANS seems to be triggered by 

a cephalic fluid shift due to microgravity, disrupting the balance between hydrostatic and 

local tissue pressures. An impaired cerebrospinal fluid (CSF) absorption would then increase 

intracranial pressure, directly swelling choroid, and affecting eyes (Hargens and Richardson, 

2009; Herault et al., 2000).

Ground-based Analogues.—Space neuroscience includes different ground-based 

analogs aimed at reproducing the impact of microgravity on the human body on Earth, 

such as dry immersion, head-down bed rest (HDBR), and parabolic flights. Since 1986 

HDBR has been one of the most implemented space analogs, enabling insight on bodily and 

mental changes induced by immobilization, isolation, and monotony of activities. During 

HDBR, the subjects lie in an inclined bed with the head down (−6 or −12 degree in most 

cases) for a period ranging from a few hours to several weeks. HDBR causes a cephalic fluid 
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shift thought to be responsible for SASN, alterations in cerebral oxygenation, and changes 

in cerebral perfusion (Pavy-Le Traon et al., 2007). However, this solution does not provide 

any gravitational and vestibular modifications (Pavy-Le Traon et al., 2007). Instead, during 

dry immersion subjects are immersed in thermoneutral water while covered in an elastic 

waterproof fabric to keep them dry, avoiding direct contact with water. Immersion is an 

adequate alternative since it mimics several spaceflight features, such as lack of a supporting 

structure against the body, centralization of bodily fluids, confinement, immobilization, and 

hypokinesia (Navasiolava et al., 2011). Finally, during parabolic flights, a specific flight 

trajectory is carried out by an airplane, so that normo-, hyper-, and micro-gravity phases 

are experienced by subjects on board. The plane can modify the parabolas trajectory to 

simulate Martian gravity (0.38 g) and lunar gravity (0.16 g). Albeit a typical duration of 

microgravity onboard of parabolic flights is 25–30s, aircraft are usually able to perform 

around 30 parabolas during one mission (Karmali and Shelhamer, 2008).

Analog-based studies only partially corroborated findings of actual spaceflight research, 

underlining the limitations of such space analogs. A recent dry immersion study reported 

decreases (instead of a general increase and desynchronization) in α power and a 

widespread increase in θ (4–7 Hz) power (Kuznetsova et al., 2015). Parabolic flight studies 

showed a decrease in β (15–30 Hz) power, possibly related to different factors such as 

emotional reaction to weightlessness (Schneider et al., 2008), baroreceptor stimulation 

(Lipnicki, 2009), or lower arousal levels (Wiedemann et al., 2011). The first study using 

low-resolution brain electromagnetic tomography (LORETA) in low gravity demonstrated 

that microgravity phases of parabolic flights result in a considerable increase in the spectral 

power of β activity (18–35 Hz) specifically in the right superior frontal gyrus (Schneider et 

al., 2008), possibly explaining part of the modifications in performance in cognitive tasks 

and emotional processing (Faw, 2003; Miller and Cohen, 2001). HDBR studies corroborated 

the increase in α power as seen during actual spaceflight, but have also reported contrasting 

findings, probably due to the constant gravitational input still present in these settings (Han 

et al., 2001).

As for MRI, a study on parabolic flight showed a decreased intrinsic connectivity strength 

in the right angular gyrus, known to be involved in multisensory integration, as well as in 

cognitive and spatial tasks (Van Ombergen et al., 2016). Many different MRI-based studies 

have been run on subjects in HDBR for short or longer experimental time (Van Ombergen 

et al., 2017), reporting alterations in fine motor skills (Liao et al., 2015), executive function 

(Liao et al., 2012), and spatial working memory (Cassady et al., 2016). No MRI-based 

studies of dry immersion have been performed so far.

2.2) Cosmic Radiation

Cosmic radiation (CR) is composed of high-energy particles of GCRs and solar particle 

events, including protons, helium nuclei, and HZE ions. Humans on Earth and in low 

Earth orbit (LEO) are protected from space radiation by Earth’s magnetosphere, which 

deflects these high-energy particles. However, humans beyond LEO and outside the bounds 

of Van Allen Belt have no such protection, suffering from direct and indirect damage 

due to radiation exposure. ISS is still also partially protected by the magnetosphere, 
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while the journey to Moon and Mars will involve a heavier and longer exposition to 

radiations. Data collected by the Curiosity Rover roaming on Mars surface till February 

2019, found unusually high levels of space radiations on the Martian surface (Zeitlin et 

al., 2013). Apart from the well-known lifetime increase in cancer risk, space radiations are 

linked to acute and late brain effects. Acute CNS risks include altered cognitive function, 

reduced motor function, and behavioral changes, all of which may affect performance and 

health. Cognitive deficits include short-term memory, learning, spatial orientation, motor 

function, emotion recognition, risk decision making, vigilance, reaction time, processing 

speed, circadian regulation, and fatigue (NASA SP-2009-3405, Strangman et al., 2014). 

Late CNS risks may include brain atrophy and accumulation of amyloid-β, possibly leading 

to neurological disorders such as Alzheimer’s disease (AD) and premature aging (NASA 

SP-2009-3405). A lack of human epidemiology data on CNS risk complicates research 

for countermeasures. Possible observation of CNS effects in astronauts participating in 

past NASA missions is highly unlikely because lengths of past missions were relatively 

short and small sample sizes, as well as because astronauts were partially protected by 

Earth’s magnetic field and LEO, which together reduce the GCR dose-rate. To characterize 

radiation effects on the CNS, radiotherapy patients (Greene-Schloesser et al., 2012) and 

ground-based studies in animals have been conducted for more than two decades using 

charged particle accelerators (Cucinotta, 2015) delivering doses of charged particles similar 

to those expected during a mission to Mars (Britten et al., 2016, 2014, 2012). These models 

confirmed not only direct and indirect damage to DNA and proteins (for a review see 

Barcellos-Hoff et al., 2015) but also an impact of HZE nuclei on neurogenesis and (possibly 

consequent) cognitive impairment. HZE nuclei are capable of producing a column of heavily 

damaged cells along their path through tissues, described as “microlesions” (Todd, 1989), 

responsible of detrimental consequences on CNS function. Investigation on irradiated animal 

models showed different mechanisms behind consequences of GCR on CNS that have been 

reviewed elsewhere (NASA SP-2009-3405).

Incorporating animal research into actual space missions, other than reproduce similar 

conditions on Earth, is vitally important to understanding the biological impacts of deep 

space. A relevant new metabolic control technology seems to give great advantages in deep 

space transition. Synthetic torpor consists of artificially inducing a regulated, reversible 

depressed metabolic states of experimental animals (Cerri et al., 2016). Compared to active 

metabolic states, the advantages include reduced mass, volume, and power life support 

within the spacecraft and mitigated negative health effects induced from radiation and 

microgravity (Cerri et al., 2013; Gemignani et al., 2015; Tupone et al., 2013), (for a 

comprehensive review see Cerri et al., 2016). Synthetic torpor-inducing systems may also 

start as preliminary tests for hibernating systems to maintain human crewmembers in similar 

metabolic states on long-duration missions. Below we review the main symptomatology 

associated with exposure to GCR.

Cognitive Deficits.—Recent neuronal morphometry investigations using Golgi silver 

stain in mice and rats demonstrated that γ-rays, protons, and 56Fe radiation cause reductions 

in hippocampal neuron arborization (>50% at 30 days) as well as the loss of dendritic 

spines, each of which can limit the complexity of signal processing (Chakraborti et al., 
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2012; Parihar and Limoli, 2013; Quasem et al. 2007). Notably, spine density positively 

correlates with cognitive performance using a novel object in place paradigms (Parihar et al., 

2015). Denisova and coworkers (2002) exposed rats to moderate doses of 56Fe particles and 

tested their spatial memory in an eight-arm radial maze. Cognitive behavior deficits were 

observed, specifically exposed rats committed more errors than control rats. The former 

was, in fact, unable to adopt a spatial strategy to solve the maze (Denisova et al., 2002). 

Britten and colleagues (Britten et al., 2016, 2012; Lonart et al., 2012) considered that 

neurocognitive tasks regulated by the prefrontal cortex could be impaired after exposure 

to low doses of HZE-particles, which would prevent astronauts from performing complex 

executive functions. The authors used rats receiving either sham or real irradiation treatment 

and tested their ability to perform attentional set-shifting 3 months later. Rats that received 

low doses of 56Fe particles showed significant impairments in their ability to complete the 

test, with only 17% of irradiated rats completing all stages as opposed to 78% of control 

rats. These observations suggest that exposure to mission-relevant doses of 56Fe particles 

results in the loss of functionality in the prefrontal cortex (Lonart et al., 2012). More 

recently, a new experimental protocol on mice simulating exposures from GCR during a 

prolonged mission in space (mixed field of neutrons and photons for 6 months with a dose 

rate of 192 mGy/day), showed a decrease in hippocampal neuronal excitability and disrupted 

cortical LTP (Acharya et al., 2019). Moreover, mice developed social avoidance, anxiety, 

impaired fear extinction memory, and difficulties in recognize location and object novelty, 

all features that can threaten the crew and that the authors estimated will be developed by at 

least one astronaut during the trip to Mars (Acharya et al., 2019).

Anxiety.—Anxiety can be measured in rodents by an aversion to enter and/or remain in 

open, often brightly lit areas (Walf and Frye, 2007). Anxiety-like phenotypes have been 

reported in rodents chronically after GCR exposure and up to one-year post helium exposure 

alone, suggesting a link between anxiety-like states and GCR exposure (Acharya et al., 

2019; Walf and Frye, 2007).

Conditioned Taste Aversion.—The conditioned taste aversion (CTA) test assesses 

avoidance behavior when the ingestion of a normally acceptable food item is associated 

with illness (Riley and Tuck, 1985). Deficits in CTA seem to be partially induced by very 

low doses of heavy ions (Hunt et al., 1989; Rabin et al., 2000, 1994, 1991, 1989).

Terrestrial Human Data.—Data on radiotherapy patients confirmed the deleterious 

effects of ionizing radiation on CNS (Greene-Schloesser et al., 2012). Behavioral changes, 

such as chronic fatigue and depression, occur in many patients undergoing irradiation for 

cancer therapy. Neurocognitive effects are observed at lower doses, especially in children 

(BEIR, 1990; Schultheiss et al., 1995). Radiotherapy treatment in oncology for several 

tumors found impairments in cognitive functioning, language acquisition, visual-spatial 

ability, memory, and executive functioning, as well as changes in social behaviors. Similar 

effects did not appear in patients treated with chemotherapy (Goldberg et al., 1982; Keime­

Guibert et al., 1998). Atomic bombing and Chernobyl accident victims, receiving low 

to moderate doses of radiation, showed evidence of memory and cognitive impairments 
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(Bromet et al., 2011; Loganovsky and Yuryev, 2001; Loganovsky and Loganovskaja, 2000; 

Yamada et al., 2009).

2.3) Isolated, Confined, and Extreme (ICE) Environments.

Manned space missions entail unusual conditions that astronauts must adapt to. They include 

not only life-threatening conditions such as microgravity and cosmic radiations but a wide 

range of stressing factors such as isolation from family and friends, confinement in cramped 

spaces, and coping with extreme working conditions. Spacecrafts are artificial areas with 

a preset of environmental conditions including Environmental Control and Life Support 

System (ECLSS), limited habitable volume, and living conditions. Spacecraft’s normal 

life is stressing also because of monotony, restricted consumables, and non-24h light-dark 

cycles. Longer distances from Earth and delays in communication increase the sense of 

isolation, requiring the crew to work more independently without assistance from NASA’s 

Mission Control. Some of these factors induce more risk to the health of crew members 

such as increasing levels of CO2 in the cabin at all times or light conditions causing the 

change in the circadian rhythm of the crew (Law et al., 2014; NASA/TP–2010– 216126). To 

better understand potential consequences, studies on Earth-based analog ICE environments 

have been performed. At these facilities, crewmembers spend months in isolation and 

harsh weather conditions, performing a variety of tasks and procedures like those carried 

out in space missions. Some examples include Antarctica that is perhaps the best known 

and most commonly studied analog environment (Lugg, 2005); Aquarius, a submarine 

installation with atmospheric control capability; remote locations in the desert (NASA’s 

Desert Research and Technology Studies or DRATS); and mission control based (NASA 

JSC Human Exploration Research Analog, HERA).

Reactions to ICE.—ICE environmental characteristics contribute to creating a state 

of anxiety, lack of motivation, irritability, and apathy. Going further, isolation and high 

prolonged alertness are some of the stressing factors that could trigger anxiety and 

high levels of cortisol (also given by shift in sleep-wake cycles) impacting upon appetite­

regulating hormones, immune system, and hypothalamic-pituitary-gonadal axis, which plays 

a critical part in reproductive and immune system regulation (Dunn et al., 2004). Impaired 

physical and social interactions may impact teamwork, especially in long-duration missions 

where the crew has to work together and without another human contact for a long 

time. These issues may result in several potentially hazardous conditions, such as lower 

performance, mood disorders, and other psychological conditions (Van Baarsen et al., 2009).

Because behavioral, mood and cognitive impairment may put the crew members and the 

missions at risk, new potential solutions need to be explored. Noninvasive brain stimulation 

(NiBS) includes safe and portable techniques that have been widely applied therapeutically 

in cognitive and sensory domains.

3) NONINVASIVE BRAIN STIMULATION TECHNIQUES

NiBS techniques rely on electromagnetic principles to noninvasively influence neural 

activity through the generation of cortical electrical fields. They have been extensively used 

to investigate the neural basis of many cognitive and sensory-motor domains, as well as 
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potential therapeutic interventions to restore physiological brain activity in psychiatric and 

neurological diseases (Ridding and Rothwell, 2007; Rossini and Rossi, 2007; Valero-Cabré 

et al., 2017). Specifically, two main classes of NiBS are currently applied for clinical 

and research purposes, that is TMS and tES (Figure 2). Here, we offer an overview of 

both techniques, covering their underlying mechanisms of action and the most validated 

protocols. We will also review the safety and feasibility of NiBS protocols, discussing the 

advantages and limitations of these techniques over other forms of stimulation.

3.1) Transcranial Magnetic Stimulation

TMS is based on Faraday’s principle of electromagnetic induction: a pulse of electrical 

current flows through loops of wire (forming the coil) and generates a time-varying 

magnetic field that in turn creates an electric field. The induced electric field alters ions 

disposition and depolarizes neurons to the point of triggering an action potential. Different 

electric field strength and forms can be generated by TMS through the modification of 

physical and biological parameters, such as magnetic pulse waveform, coil shape, and 

orientation, intensity, frequency, and patterns of stimulation (Rossi et al., 2009a).

When single-pulse TMS (spTMS) is applied to the motor cortex (M1), the stimulation 

activates the corticospinal descending pathways triggering the motor evoked potentials 

(MEPs). MEPs can be recorded through electromyographic recordings from contralateral 

muscles from the stimulation (Rossi et al., 2009). RMT refers to the lowest TMS intensity 

necessary to evoke an MEP in a target muscle with an amplitude of 50μV with at least a 50% 

probability (Rossi et al., 2009). RMT reflects membrane excitability of corticospinal neurons 

and interneurons projecting onto the M1, as well as the excitability of motor neurons in the 

spinal cord and neuromuscular junctions (Rossi et al., 2009).

Paired-pulse TMS (ppTMS) protocols consist of 2 successive pulses with an inter-stimulus 

interval (ISI) ranging from few milliseconds to hundreds of milliseconds. Both pulses are 

generally applied over the M1 of the dominant hemisphere. This method is used to explore 

intracortical networks depending on the intensity and ISI used (Kujirai et al., 1993; Valls­

Solé et al., 1992). ISI of few milliseconds is generally used to investigate short intra-cortical 

inhibition (SICI) mechanisms that are thought to reflect GABAergic interneurons activity 

(Rossi et al., 2009). ISIs between 7–20ms is chosen instead for intra-cortical facilitation 

(ICF) mechanisms, primarily reflecting glutamatergic interneurons activity (Kujirai et al., 

1993). TMS pulses delivered over the M1 of both hemispheres can be useful to explore 

inter-hemispheric inhibition (e.g., transcallosal inhibition; Ferbert et al., 1992).

Contrary to spTMS and ppTMS, repetitive TMS (rTMS) can change and modulate cortical 

activity beyond the stimulation period. The physiological bases of rTMS after-effects have 

not yet been identified, but the main underlying mechanisms seem to involve long-term 

potentiation (LTP) and long-term depression (LTD). LTP is defined as an increase in 

synaptic strength, whereas LTD reflects a decrease (Klomjai et al., 2015). Accordingly, 

rTMS protocols affect the excitability and neuroplasticity of a stimulated area outlasting 

TMS duration per se, depending on inter-individual variability (Maeda et al., 2000) as 

well as on the stimulation parameters, leading to a decreased cortical excitability when low­

frequency rTMS (≤1 Hz) is applied, whereas an increase is seen following high-frequency 
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rTMS (≥5 Hz) protocols (Ni and Chen, 2015, Rossi et al., 2009). rTMS applications have 

been mainly used to study cognition, brain-behavior relations, and the pathophysiology 

of various neurologic and psychiatric disorders (Ridding and Rothwell, 2007; Rossi et 

al., 2009; Rossini and Rossi, 2007). New rTMS approaches involve the application of 

high-frequency bursts of stimuli at theta frequencies, known as theta-burst stimulation 
(TBS). Stimulus intensity required for TBS is lower compared to other rTMS protocols 

(Huang et al., 2005) and can be applied in a continuous (cTBS) or intermittent (iTBS) 

fashion depending on the purpose: cTBS tends to depress excitability of the M1, while iTBS 

has the opposite effect (Huang et al., 2005).

While stimulating the scalp, the resulting electrical field produced current density 

distributions that are asymmetrical in magnitude and direction. Because TMS has a spatial 

resolution of approximately 0.5–1cm (Thielscher and Kammer, 2002; Toschi et al., 2008), 

precise targeting of the area to stimulate is pivotal for the outcome. To finely target areas, 

especially when a rapid and objective outcome measure cannot be revealed such as for M1 

with MEP and MT, navigated brain stimulation (NBS) has been developed. NBS devices 

consist of an infrared camera detecting trackers placed on a headband worn by the subject 

and on the coil. Using Magnetic Resonance Imaging (MRI) brain data, NBS can rebuild 

the subject’s head in 3-D and record coil position, ensuring better accuracy in targeting 

the chosen areas and as well as to have a finer estimation of the strength and direction of 

TMS-induced electrical field.

3.2) Transcranial Electrical Stimulation

tES applies low transcranial electrical currents (0.5–2mA) that generate weak electric 

fields to target specific brain areas, allowing for the sub-threshold modulation of firing 

properties of cortical neurons and ongoing rhythmic brain activity. Various tES protocols 

can be implemented through different stimulation parameters, such as shape, position, 

and numbers of electrodes, current waveform, frequency, and duration of stimulation. The 

electrical current is delivered through two or more surface electrodes placed on the scalp 

and connected to a current waveform generator. Transcranial direct current stimulation 

(tDCS), transcranial alternating current stimulation (tACS), and transcranial random noise 

stimulation (tRNS) are the most common protocols (Paulus, 2011).

tDCS.—tDCS induces a low-amplitude (0.5–2mA) direct current that modulates brain 

excitability eliciting neuronal membrane modifications depending on the direction of the 

generated electric field (Ruffini et al., 2013). Current flows from the anodal electrode to 

the cathode, creating intracranial electric fields that alter cell membrane depolarization 

(i.e., increase of excitability) underneath the anode, and hyperpolarization (i.e., decrease 

of excitability) in the cathode (Nitsche et al., 2005), with plastic effects. Anodal tDCS 

over M1 has indeed been shown to increase MEP amplitude, whereas cathodal tDCS 

decreases it (Paulus, 2011). In particular, tDCS brings the underlying neurons closer 

or further from their firing threshold (Bikson et al., 2004), leading to an increase in 

glutamine and glutamate levels (Hunter et al., 2009) and/or decreasing γ-aminobutyric acid 

(GABA) concentrations (Bachtiar et al., 2015; Stagg et al., 2011). N-methyl-D-aspartate 

(NMDA) receptors-dependent mechanisms as well as and brain-derived neurotrophic factors 
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(BDNF, Fritsch et al., 2010) also play a key role (Liebetanz et al., 2002; Nitsche et al., 

2003). Although the increased duration and/or intensity of stimulation might be assumed 

to maximize tES effects, studies have suggested that the dose-response relationship is 

nonlinear (Batsikadze et al., 2013; Kidgell et al., 2013; Monte-Silva et al., 2013). Jamil 

and coworkers (2017) have recently investigated tDCS dose-dependency by systematically 

measuring neuroplastic responses to stimulation. Healthy participants received anodal or 

cathodal tDCS applied for 15 min to left M1 at different intensities: sham, 0.5, 1.0, 1.5, 

and 2.0 mA. MEPs elicited by single-pulse TMS were recorded before and at multiple 

time points up to 2h following stimulation to quantify M1 plasticity. Results indicated a 

nonlinear relationship between stimulation intensity and the induced neuroplastic response, 

for both anodal or cathodal tDCS. Consistent with previous research (Labruna et al., 

2016), they found that the facilitatory response is seen after 1.0 mA anodal tDCS was 

greater in participants with higher sensitivity to TMS (i.e., those requiring a lower TMS 

intensity to elicit MEPs). This relationship is currently assumed to reflect inter‐individual 

differences in anatomical (e.g. skull thickness, cortical morphology) and physiological (e.g. 

neurotransmitter availability and receptors distribution) factors, that similarly affect NiBS 

techniques both online (Labruna et al., 2016) and after stimulation (Ridding and Ziemann, 

2010). Modifications in synaptic strength are also enabled/hampered by a mechanism of 

homeostatic plasticity that may cause further variability in efficacy. Synaptic connection is, 

in fact, facilitated/suppressed depending on the previous amount of network activity. As an 

example, Monte-Silva and coworkers (2010) found that the efficacy of inhibitory cathodal 

tDCS could be enhanced when followed by a second session of stimulation during the 

aftereffects of the first one. On the other hand, the effect was significantly reduced if the 

second stimulation was applied when the aftereffects of the first session were dissipated 

(Montesilva et al., 2010). This will furthermore require particular attention when planning 

multiple sessions of stimulations and testing tDCS efficacy.

tACS.—Most aspects of human cognition show corresponding patterns of brain oscillatory 

activity, determined by the synchronous neuronal firing across different spatial and temporal 

scales. Therefore, the chance to engage oscillatory activity, rather than simply increase 

or decrease activity in a target region as with tDCS, could lead to a more powerful, 

finer control of brain activity and corresponding behavior. In this regard, tACS has been 

suggested as the most promising technique to safely and noninvasively modulate brain 

rhythms. tACS delivers alternating current that continuously shifts between positive and 

negative electric fields (Tavakoli and Yun, 2017), thus inducing periodic shifts in the 

transmembrane potential, alternating depolarizing and hyperpolarizing effects, enabling 

the entrainment of intrinsic brain oscillations due to its sinusoidal waveform (Antal and 

Paulus, 2013; Paulus, 2011). In particular, tACS drives cortical populations to oscillate at 

the same natural frequency as the one delivered by the stimulation itself, with a greater 

amplitude as per the resonance phenomenon (Paulus, 2011). As with tDCS, it also allows 

stimulation over multiple brain regions at the same time, i.e. favoring synchronization or 

tACS can be applied over a wide frequency range, from 0.75Hz during NREM sleep to 

enhance declarative memories (Ketz et al., 2018), to γ frequency (40–80Hz) to modulate 

fluid intelligence (Santarnecchi et al., 2013), problem-solving ability (Santarnecchi et al., 

2019), and visuospatial coordination (Santarnecchi et al., 2017). Behavioral effects have 

Romanella et al. Page 12

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



been demonstrated at the level of sensorimotor (Feurra et al., 2011, 2013; Santarnecchi et 

al., 2017), visual (Kanai et al., 2008), somatosensory (Feurra et al., 2011b), and higher-order 

cognitive domains (Polania et al., 2012; Santarnecchi et al., 2013).

tRNS.—Differently, tRNS elicits an increase of cortical excitability with stimulation 

delivered in the form of random noise, produced through electrical patterns at a random 

frequency over a broad spectrum (0.1–640Hz; Terney et al., 2008). tRNS can increase or 

decrease the excitability at different intensity range (Moliadze et al., 2012). This type of 

stimulation is thought to induce long-term potentiation of cortical plasticity through different 

mechanisms, for example through the repeated opening of sodium channels (Terney et al., 

2008). Indeed, in a pilot study on tRNS application over the M1, MEPs were inhibited 

by carbamazepine, a Sodium (Na+) channel blocker (Chaieb et al., 2015). As second 

hypothesized mechanisms of action, tRNS might act using stochastic resonance (Miniussi 

et al., 2013), according to which weak signals can be amplified by the addition of noise 

(McDonnell and Abbott, 2009). In this sense, random noise added to subthreshold neural 

oscillations in the brain would result in a summation of the two currents strong enough to 

exceed the threshold. To date, few studies have investigated the effects of tRNS in modifying 

EEG features, mostly focusing on a simple motor or sensory tasks (Fertonani et al., 2011; 

Terney et al., 2008). As demonstrated via spTMS, tRNS seems to be the most effective tES 

technique to increase cortical excitability of the M1 Although the potential applications of 

tES protocols to modulate cognitive and motor abilities are well-known and replicated, they 

also require particular attention to factors that may affect the results of stimulation (for a 

comprehensive review see Krause and Kadosh, 2014). Different studies over the last decade 

have shown varying results between individuals due to the differences in cortical activity 

(Krause et al., 2013), tissue composition under the stimulating electrodes (Russell et al., 

2013), age (Leach et al., 2019), and gender (Russell et al., 2017). Moreover, the proportion 

of individuals fail to respond to stimulation altogether (López-Alonso et al., 2014). Besides, 

the electric field resulted by tES protocol can be significantly altered by various parameters 

of methodological decisions, such as current intensity (Bastani and Jaberzadeh, 2013), 

electrode placement (Moliadze et al., 2010), and current phase and frequency in the case of 

tACS and tRNS (Nakazono et al., 2016).

3.3) Biophysical Modeling for Precise Targeting in NiBS

Under the exponentially increasing demand for tES solutions to be implemented in clinical 

trials, the field of biophysical modeling of tES and TMS has significantly grown over the 

last decade, reaching unprecedented accuracy. The principal interaction mechanism in tES 

is thought to arise from the coupling of electric fields and populations of ordered, elongated 

neurons in the cortex, especially pyramidal cells. The role of other types of neurons (e.g., 

interneurons, such as basket cells) or other brain cells, such as glia, is less well understood. 

The external electric field forces the displacement of intracellular ions (which move in 

response to the change in the intracellular field), inverting the neurons’ internal charge 

distribution and resulting in a transmembrane potential difference. For a long fiber with 

space constant λ in a homogeneous electric field (E), the transmembrane potential difference 

is largest at the fiber termination, with a value that can be approximated by λ E · n, where n 

is the unit vector defining the fiber axis.
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This is essentially a first-order approximation, with a spatial scale provided by the 

membrane space constant and directions by field and fiber orientation (Ruffini et al., 

2013). As a consequence, a necessary first step in understanding the effects of tES is to 

determine the spatial distribution of the generated electric vector field in the brain. For 

this reason, software models have been developed using finite element modeling to predict 

the distribution of electric fields produced by bipolar or multichannel stimulation montages 

(Miranda et al., 2013).

Such realistic computational models of the head can predict electric field distribution in the 

human brain with reasonable accuracy, as the availability of recent measurements in-vivo 

confirms (Huang et al., 2017; Opitz et al., 2016). The key element of these models is a 

description of the geometry of the head as a volume conductor and the electrical properties 

of tissues in the model. Although the use of MRI provides very valuable input for the 

creation of a model, there is still a need for better estimates of tissue conductivities, as there 

are discrepancies in the literature about their values and individual variability (Figure 3, 

Panel A and B).

The first calculations of the electric field in the brain during tDCS (based on a realistic head 

model) were published almost ten years ago (Parazzini et al., 2011, Salvador et al., 2010). 

Today, such models are routinely developed for research applications. The systematic use 

of individual models should enhance the rigor and reproducibility of tES research (Miranda 

et al., 2018), as it provides better control on what is believed to be a crucial mechanistic 

element in tES, the electric field. Such analysis showed that the use of large sponges with 

electrode positioning is a poor way to control the location and distribution of the electric 

field, and hence the effects of tES. For this reason, modern solutions employ multichannel 

systems and small electrodes. The combination of such technologies with more sophisticated 

modeling algorithms results in more robust, adaptable, and effective solutions. The next 

generation of models, however, will need to combine representations of both physical and 

physiological elements involved, such as the “hybrid brain models” (Sanchez-Todo et al., 

2018). These models represent the framework for next-generation optimization algorithms 

that can assimilate physiological data such as EEG or TMS-EEG.

Based on this rapid electric field simulator, Ruffini and coworkers (2014), for example, 

developed an optimization system called Stimweaver, where optimal montages problems 

can be defined and solved. In short, the Stimweaver algorithm adopts a fast calculation of 

multifocal tDCS electric fields (including components normal to the cortical surface) using 

an MRI derived finite element realistic head model with 6 segmented tissues. Under the 

assumption that the effects of current stimulation are to first-order due to the interaction of 

the electric fields with populations of pyramidal cortical neurons, the optimization problem 

for tDCS stimulation can be defined in terms of the component of the electric field normal to 

the cortical surface. Solutions are found using constrained least-squares comparing weighted 

target and normal electric field cortical maps to optimize current intensities. Electrode 

number and their locations are selected using a genetic algorithm that searches in montage 

configuration space. The population in the genetic algorithm thus consists of individuals that 

encode for a particular montage and the optimal currents associated with it. Rules for genetic 
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cross-over and mutation are described in Ruffini et al., (2014). This algorithm has been used 

by several groups (e.g., Dagan et al., 2018; Fischer et al., 2017; Sprugnoli et al., 2019).

3.4) Network Targeting with NiBS

The same approach can be used to target brain functional networks. Brain activity is 

organized in a set of resting-state functional networks (RSNs) whose synchronized activity 

span between spatially distinct interconnected regions (Figure 3, Panel C). Functional 

connectivity (FC) within the networks can be measured via fMRI. RSNs involve areas 

responsible for both sensory processing as well as for high order cognition. The most studied 

networks include the Default Mode Network (DMN), Frontoparietal Control Network 

(FPCN), Sensorimotor (SM), Ventral Attention Network (VAN), Anterior Salience Network 

(AS) (Damoiseaux et al., 2006; Heuvel et al., 2009; Zuo et al., 2010). The DMN is 

particularly relevant due to its pivotal role in the spontaneous activity of the human brain and 

because of its vulnerability in modifications due to deep space missions.

Although studies have administered stimulation over singular specific derivations (Figure 

3, Panel D), new devices enable multisite stimulation of neural networks, engaging 

interconnected cortical areas as well as entire networks (Dmochowski et al., 2011; Miranda 

et al., 2013; Ruffini et al., 2014). To do that, multifocal stimulation using several 

relatively small electrodes has been used to achieve more focal stimulation of specific 

cortical targets (Ruffini et al., 2014). This allows a spatially specific protocol that can 

simultaneously stimulate different areas belonging to the same (e.g. DMN) or different 

networks. Modulating a whole network associated with brain function may also imitate a 

more natural cortical activation, therefore offering a more efficient stimulation.

3.5) Framework and Targets for NiBS application

Considering the safety and feasibility of NiBS, and the wide range of aforementioned 

studies on its efficacy on different cognitive domains, NiBS may be a useful tool in space 

exploration. Potential implementations may include protocols to enable visuomotor and 

cognitive skills during pre-flight training, enhancement of in-flight performance, prevention/

treatment of anxiety/mood disorders, prevention of detrimental effects of microgravity and 

cosmic radiations, as well as post-flight rehabilitation.

NiBS protocols are frequently administered in “online” sessions, meaning stimulation is 

applied while participants are involved in tasks or other activities. Especially in the case 

of tES, brain stimulation can represent a versatile tool applicable at multiple stages in the 

astronaut lifetime, ranging from cognitive and motor training on Earth in preparation for 

space missions, to actual spaceflight (Figure 4). Online stimulation is not always possible 

during spaceflights (e.g. EVA or cognitive training in some ICE environments). In those 

situations, stimulation can be performed before the task, triggering different forms of 

cortical plasticity that would potentially boost performance/learning. For instance, tDCS 

specifically induces online and offline effects (Labruna et al., 2016; Ridding and Ziemann, 

2010), as reported in multiple TMS studies on M1 cortical excitability (e.g. Jamil et al., 

2017). Additionally, both of these effects have been proven to outlast the stimulation period 

and be even more robust offline than during stimulation(Santarnecchi et al., 2014). Cathodal 
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tDCS on M1 leads to an offline long-lasting inhibition in cortical excitability, as measured 

by a drop in MEP amplitude up to 90 minutes after stimulation (Nitsche and Paulus, 

2001, 2000). Similar after-stimulation effects of tDCS have been shown also on different 

areas, such as somatosensory cortices (Matsunaga et al., 2004), DLPFC (Keeser et al., 

2011), and cerebellum (Grimaldi et al., 2016). In various contexts, it is also possible to 

perform stimulation after a training session to enable knowledge/learning consolidation, or 

in-between cognitive and motor tasks to prime/consolidate memory traces (Rumpf et al., 

2017). Moreover, tES can also be used during sleep, modulating deep sleep stages involved 

in the consolidation of declarative memory (Jones et al., 2011; Ketz et al., 2018; Marshall et 

al., 2006, 2004).

TMS and tES are also powerful tools to investigate biomarkers of adaptation to spaceflight. 

By controlling the input sent to cortical areas by TMS or tES, it is possible to 

quantify local responses, speed of signal propagation across networks, and network 

resilience to perturbation. In astronauts, TMS and tES assessments combined with EEG 

and neuroimaging before and after a mission could help identify potential biomarkers 

of local plasticity, cortical excitability, connectivity, and changes in brain oscillations 

(Bestmann, 2008; Ferreri and Rossini, 2013) previously associated with, e.g., depression and 

neurodegeneration. More details on specific NiBS applications are available in the dedicated 

sections below.

4) PRE-FLIGHT NiBS APPLICATIONS: TRAINING

Before facing the challenging environment of deep space, future astronauts are carefully 

trained on Earth. This includes medical tests, physical and EVA training, procedure 

knowledge test, as well as a preparation for experiments that the crew will accomplish 

during their mission. Pre-flight training usually lasts 2–4 years, and it is geared to special 

conditions and environments astronauts will be confronted with during launch, in space, and 

during landing. For instance, motor learning and consolidation is particularly relevant to 

operate the Space Station Remote Manipulator System (SSRMS) on ISS. The appropriate 

manipulation of this robotic arm is essential to perform advanced reparation at modules 

and on ISS itself, thus requiring 4 years of training of preplanned motor patterns and 

sequences on different simulators. Astronauts need to maintain a high level of visuomotor 

coordination, continuously checked and corrected by leveraging multitasking ability and 

sustained attention. In this context, tDCS protocols have been administered to enhance 

the consolidation of motor processes and procedural learning (Buch et al., 2017). During 

years-long training, astronauts are also required to learn a great amount of procedure and 

high-detailed knowledge of a wide range of domains, from space physiology to geology and 

spacecraft engineering. tES has been applied during sleep to improve declarative memory 

learning, consolidation, and recall (Marshall et al., 2004, 2006). Below we provide an 

overview of domains where NiBS could be implemented in pre-flight operations.

4.1) TMS to Induce Neuroplasticity and Motor Learning

Changes in synaptic strength (i.e. neuroplasticity) are governed by various mechanisms, 

such as LTP and LTD (Malenka and Bear, 2004). LTP can be naturally induced following 
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learning (Rioult-Pedotti et al., 2000), but can also be experimentally triggered by external 

stimulation delivered at certain patterns to mimic natural brain rhythms. Theta Burst 

Stimulation (TBS) is a TMS protocol widely known for its plasticity-inducing ability (from 

Larson et al., 1986; for a comprehensive review see Larson and Munkácsy, 2015). As 

aforementioned, early reports suggested that an intermittent pattern of stimulation (iTBS) 

resulted in increased cortical excitability (similar to LTP) (Huang et al., 2005). These 

findings have been widely replicated (for reviews see Huang et al., 2017; Suppa et al., 2016). 

iTBS could, therefore, be used to induce neuroplasticity and enable performance in learning 

tasks, with a focus on motor and visuomotor abilities.

Intermittent TBS provides a potential tool to enhance performance specifically in the early 

phase of motor learning (Honda et al., 1998; Iezzi et al., 2010). As an example, excitatory 

iTBS over M1 administered 10 minutes before a motor task enhanced the learning of 

ballistic movements (Agostino et al., 2008; Teo et al., 2011). Koch and coworkers (2020) 

administered cerebellar iTBS to accelerate the adaptation in a visuomotor adaptation task 

(VAT) (Krakauer, 2009), a specific form of motor learning task which evaluates errors in 

response to a novel perturbation. iTBS accelerated the error reduction slope in response 

to new perturbation (Koch et al., 2020). This may be a relevant application in speeding 

adaptation of Earth-based learning motor tasks.

Interestingly, TBS protocol may also help in the training of non-dominant hand while 

engaging in tasks such as operating the SSRMS, Moon and Mars landing, and EVA 

operations. The performance of the non-dominant hand after intense motor training can 

outperform the dominant one (Platz et al., 2012b, 2012a; Ridding and Flavel, 2006). Platz 

and colleagues (2018) stimulated healthy right-handed subjects performing an arm ability 

training (AAT) for one week, administering iTBS over either S1 or M1 contralateral to the 

trained left arm. The authors reported that the excitatory priming of S1 or M1 directly before 

a daily training session enhanced sensorimotor learning (Platz et al., 2018). Participants not 

only showed better performance at the AAT task when stimulated with iTBS, but they also 

saw an improvement in the generalization task for the trained left hand. iTBS could be used 

to enhance motor learning across different sensorimotor abilities (Platz et al., 2018).

4.2) tES, Motor Learning, and Motor Memory Consolidation.

In the context of motor learning, tDCS has also been shown to modulate both overall 

motor performance as well as specific processes involved in learning and consolidation 

(Kang and Paik, 2011; Krause et al., 2016; Orban de Xivry and Shadmehr, 2014). As 

aforementioned, M1 is the most involved in early learning phases, while motor learning is 

mediated by different areas as premotor and parietal association areas (Honda et al., 1998). 

Different studies applied excitatory-anodal tDCS over M1 during or immediately after a 

motor sequence learning task, showing facilitation in early consolidation of procedural 

learning (Antal et al., 2004; Nitsche et al., 2003; Tecchio et al., 2010), although this has 

not been reproduced in all available studies (Ambrus et al., 2015; Ehsani et al., 2016). 

Stagg and coworkers have shown polarity specific effects of tDCS during explicit motor 

learning, with improvement in performance observed only with anodal stimulation and when 

stimulation was performed concurrently with the task (Stagg et al., 2011). Along the same 
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line, implicit motor learning was enhanced with tDCS applied concurrently with training 

by positioning the anode over M1, while stimulation of frontal and prefrontal areas did 

not affect performance (Antal et al., 2004; Nitsche et al., 2003). In the context of motor 

adaptation (i.e., modify movements in response to different sensory inputs or motor outputs, 

leading to a reduction in errors introduced by the altered conditions), Hunter and coworkers 

(2009) tested the motor performance of reaching a target with the arm experiencing different 

physical environments such as robot-induced velocity-dependent force fields. The authors 

administered active or sham tDCS over the M1 during the adaptation phase of the movement 

when the velocity-dependent force field was applied. Although the global error in arm 

reaching was similar in both conditions, real 1mA anodal tDCS induced a significantly 

better global reaching performance. These results suggested that tDCS enhances the 

development of an internal representation of a novel adapted movement. Importantly, tDCS 

effects could persist for months when applied in multiday protocols, due to its ability to 

modify brain plasticity. Reis and coworkers (2009) showed that tDCS delivered over 5 

consecutive days combined with a motor learning protocol improved performance, not only 

during the experimental paradigm but for at least 3 months after training. Similarly to tDCS, 

tRNS applied over the M1 for 10 minutes improved implicit motor sequence learning and 

caused excitatory aftereffects lasting up to 1.5 hr (Terney et al., 2008). In the context of 

motor adaptation (i.e., modify movements in response to different sensory inputs or motor 

outputs, leading to a reduction in errors introduced by the altered conditions; Tanaka et al., 

2011), two studies have shown cerebellar tDCS being more effective for M1 stimulation 

(Galea et al., 2011; Herzfeld et al., 2014).

In the case of fine motor learning, such as surgical training, tDCS applied on M1 in 

non-surgeon participants performing a virtual neurosurgery session was able to enhance 

the performance of skilled subjects in comparison to placebo stimulation (Ciechanski et 

al., 2017) with long-lasting effects detected at 6-weeks follow-up visit. Additionally, in 

another experiment, participants stimulated with tDCS on M1 during training with a virtual 

simulator for laparoscopic surgery improved their performance to greater extent respect to 

the sham group (Ciechanski et al., 2018). It worth notice that training of surgeon involving 

microscope or minimally invasive tools (as in laparoscopic surgery) requires intensive and 

dedicated training for the intrinsic difficulties related to the lack of tactile sensation, depth 

perception and alteration of hand-eye coordination (Ding et al., 2014, Maciel et al., 2008), 

similar to what experienced by the astronauts handling the SSRMS robotic arm.

While tES applied during tasks (i.e. online) seems to be the best protocol to enhance 

motor memory learning, sleep modulation may promote memory consolidation of previously 

learned motor sequences. Lustenberger and colleagues (2016) applied the EEG-feedback­

controlled approach that restricts the application of tACS at 12Hz to an NREM sleep 

spindle detection. This targeted modulation increased motor memory consolidation tested 

by a motor sequence tapping task. Differently, Lafon and coworkers, (2017) reported 

an unsuccessful attempt to entrain sleep spindles while applying low-frequency tACS in 

healthy subjects. The authors measured endogenous spindle power intracranially during 

NREM sleep using invasive pre-surgical electrocorticography monitoring in 13 patients with 

epilepsy, finding no stable evidence of entrainment. Even though the main reason for the 

failure could be attributed to the underlying epileptic activity, it should also be noted that 
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stimulation intensity varied across the two studies, with the latter applying significantly 

weaker currents (<0.05 V/m).

4.3) Declarative Memory Consolidation through Sleep.

The modulation and enhanced consolidation through tES are also possible for strengthening 

declarative memories. Marshall and coworkers (2006, 2004) were the first to modulate sleep 

to increase recall in declarative memories with electrical stimulation. They investigated 

the effects of bifrontal 0.75 Hz oscillating tDCS or tDCS (F3, F4) during slow-wave 

sleep (SWS) in young adults. Subjects performed a declarative memory task before and 

again immediately after sleep. For the first time, the authors demonstrated a link between 

the boost of slow oscillations during N3 and the improvement in declarative memory 

consolidation (Marshall et al., 2006, 2004). Marshall’s group also demonstrated the effect 

of this protocol of otDCS on cognitive functions during NREM sleep investigating cortical 

activity in a rodent model (Binder et al., 2014). Accordingly, more recent studies found 

better performance in declarative memory task after the application of sinusoidal wave at 

a frequency of 0.5–1.2Hz within a closed-loop tACS-EEG device overnight, enhancing δ 
power and an increase of γ and sigma waves (Jones et al., 2018; Ketz et al., 2018). However, 

in successive studies applying similar experimental paradigms to replicate the declarative 

memory consolidation in a different cohort of healthy elderly did not found beneficial effects 

(Eggert et al., 2013; Paßmann et al., 2016).

Applying slow oscillations through different protocols of tES (either tACS or oscillatory 

tDCS) to older adults during afternoon naps also was able to manipulate slow-wave 

activity (SWA) and enhance memory consolidation. Westerberg and colleagues heightened 

SWA with the following improvement in word-pair performance (Westerberg et al., 2015), 

whereas Ladenbauer and coworkers enhanced slow oscillations and fast sleep spindle power 

leading to a benefit in a visual memory task (Ladenbauer et al., 2016).

5) MISSION CONTROL, SPACECRAFT, SPACE INSTALLATIONS, AND IN­

FLIGHT/ IN-TRANSIT NiBS APPLICATIONS: PERFORMANCE AND LIFE 

QUALITY

Any space mission occurs in an extreme environment that has unique stressors. Even with 

careful selection methods and after a detailed training for potential behavioral problems 

among spaceflight crews, the mission success remains threatened. NASA Human Research 

Program (HRP) underlined three behavioral and cognitive main risks happening during 

flights and on space installations: (1) risk of performance decrements and adverse health 

outcomes resulting from sleep loss, circadian desynchronization, and work overload; (2) risk 

of performance and behavioral health decrements due to psychological stress, inadequate 

cooperation, coordination, communication, and psychosocial adaptation within a team; and 

(3) risk of adverse cognitive or behavioral conditions and psychiatric disorders (NASA 

SP-2009-3405). We discuss performance impairment on different domains typically seen 

in astronauts, such as cognition, motor, and sensorimotor coordination, sleep loss and 

shift, and altered psychological states (for a comprehensive scheme of NiBS applications 

in space see Figure 5). Because NiBS, specifically tES, have been extensively applied to 
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overcome similar impairments in healthy participants and patients, their applications to 

tackle detrimental space effects on CNS should be taken into consideration.

During space missions, NiBS could also be applied to ensure the performance and results of 

Earth-based flight control personnel. The Mission Control Center (MCC) is responsible for 

the safety and planning of ISS and spacecraft, facing problems that often arise during deep 

space missions and may pose a threat to the health and well-being of the flight crew. MCC 

personnel work in a stressful environment due to complex situations, such as malfunctioning 

equipment on the spacecraft, sickness, or injury of a crewmember, or novel incidents, that 

often require effective decision-making, problem-solving, and multitasking skills, as well 

as ability to maintain vigilance and attention for long hours (for a comprehensive review 

see Fiore et al., 2014). Therefore, the MCC team could also take advantage of a NiBS 

implementation, similar to astronauts in pre-flight training.

5.1) Visual System

The brain, as a control function of the visual system, is a critical pathway even for 

ocular health. Two tES protocols may help mitigate SANS-related cortical modifications. 

Particularly, a stimulation on α frequency (10Hz) may be chosen due to its dominant role 

in visual system oscillatory behavior and its relevance for attentional processes and visual 

processing. Even though the following hypothesis should be considered purely speculative, 

external perturbation of visual regions via tACS in the α band may help contrasting 

modifications in cortical activity due to SANS. Similarly, anodal tDCS over the same area 

could also be beneficial in treating visual impairments.

5.2) Motor System

Even though the plasticity of the human central nervous system allows individuals to adapt 

to altered stimulus conditions encountered in a microgravity environment, the integration of 

signals from all sensory and motor systems is drastically modified in an environment lacking 

gravity force. The magnitude of sensory, sensory-motor, and perceptual disturbances, as the 

time needed to recover from them, tend to vary as a function of mission duration and space 

travelers prior experience with stimulus rearrangement of spaceflight. These alterations 

trigger motion control disturbances, altered eye-hand coordination, unstable vision, and 

illusory motion of self and visual scene. Furthermore, approximately 70% of astronauts 

experience Space Motion Sickness (SMS) during the first week of the mission (Clément 

and Reschke, 2008). Astronauts become easily disoriented when sensory input received from 

his or her eyes, muscles and joints, or vestibular organs conflicts with one another, and this 

can produce this syndrome causing nausea and vertigo. Going further, the transition from 

different gravity fields back and forth (earth: 1g, ISS: partial gravity; Mars: 0,38g) affects 

also manual manipulation of objects and tools. Accordingly, MRI-based HDBR studies have 

reported alterations related to motor-related tasks, such as fine motor control (Liao et al., 

2015).

Another pivotal activity, requiring specific experience, is represented by the EVA, term 

applied for a spacewalk outside the ISS, on lunar surface exploration, and hopefully Mars 

exploration. EVA is not only a delicate and dangerous action but also an extremely fatiguing 

Romanella et al. Page 20

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activity. The suit is pressurized as a countermeasure for microgravity and dangerous space 

conditions outside earth crafted vehicles. Therefore, due to stiffness of the whole spacesuit, 

the force applied to make simple movements requires a lot of energy as well as extreme 

accuracy to maintain high performance, while also causing high fatigue (NASA IG-18-021).

5.2.1) Sensory Motor Integration and Visuo-Motor Coordination.—tACS has 

been used to investigate motor enhancement and sensory-motor integration. Wach and 

coworkers (2013) investigated the effect of 10 and 20 Hz tACS for 10 min over left 

M1 while assessing movement speed and accuracy of the right hand. While 10 Hz tACS 

particularly increased movement variability, especially in tasks requiring internal pacing, 

20 Hz tACS resulted in movement slowing. A few years later, the γ band entrainment of 

M1 proved to enhance movement acceleration and velocity in visually triggered movements 

(Moisa et al., 2016). During the same year, Guerra and colleagues (2016) administered 

different protocols of TMS during tACS at motor and nonmotor resonance frequency over 

M1 and showed promotion of sensorimotor integration by β band stimulation (i.e. 20Hz 

tACS). Replication studies suggest that the direction of the effect of a NiBS protocol may 

not always be easily predictable. For example, different cortical interneuronal populations 

are differentially modulated by the phase and frequency of tACS-imposed oscillations 

(Guerra et al., 2016). NiBS protocol may produce a mixture of inhibitory and facilitatory 

effects, and the measured effect would be the added-effect of both (Huang et al., 2011).

Finally, Santarnecchi et al. (2017) applied tACS at a different frequency (5Hz, 20 Hz, 

60 Hz, and 80 Hz) over dominant M1 during a visuomotor coordination task reporting 

that, while 20Hz administration slowed participants, high γ tACS (80 Hz) increased 

performance, promoting visuomotor coordination. Therefore, tES could enhance sensory­

motor integration and visuomotor coordination, helping astronauts to tackle difficulties due 

to motion control disturbances and altered eye-hand coordination during spaceflights.

5.2.2) Motor Performance and Fatigue—Different comprehensive reviews 

underlined how tES can affect non-motor aspects relevant during long and intensive fine 

motor procedures, as well as enhance physical performance in professional athletes and 

amateurs (Angius et al., 2018; Colzato et al., 2017). Stimulation over M1, specifically, 

seems able to improve the isolated groups of muscles and endurance. Vines and coworkers 

(2006) showed that anodal tDCS stimulation on left M1 improves right-hand finger sequence 

performance, whereas cathodal stimulation of the same area improved performance of 

left hand (Vines et al., 2006). Moreover, the same group reported that concurrent left 

M1 cathodal tDCS for 20 min at 1mA and right M1 anodal stimulation improved motor 

performance of left hand compared to anodal stimulation of the right M1 alone (Vines et 

al., 2008). During the last few years, other positive reports of tDCS effects have been shown 

with the anode over M1 on isolated muscle groups, such as the elbow flexor (Abdelmoula 

et al., 2016; Cogiamanian et al., 2007). Flood and coworkers (2017) changed the target 

area also investigating different parameters of motor performance. They noted that tDCS 

over the sensorimotor cortex reduced the perception of pain during fatiguing lower limb 

exercise in 12 subjects (Flood et al., 2017). Even though they found no significant effect on 

muscle endurance or maximal production of force, other studies reported an enhancement 
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of muscle endurance due to tES (Williams et al., 2013). The authors examined sustained 

submaximal contractions of the elbow flexion in 18 healthy participants during fatigue 

task performance. In the meantime, either anodal or sham stimulation was administered 

to M1 for up to 20 min. These results indicate that anodal stimulation increased time to 

task failure and the amount of muscle fatigue, suggesting that tDCS administration can 

enhance the capability to exercise under challenging conditions (Williams et al., 2013). It is 

relevant to point that the effect induced in the M1 by NiBS may be vulnerable to voluntary 

muscle activity (Huang, 2016), particularly when this activity happens simultaneously with 

stimulation. As an example, tonic contraction immediately after tDCS tended to eliminate 

the aftereffects of both anodal and cathodal stimulation in one study (Thirugnanasambandam 

et al., 2011). Because of the relevance of brain state during and after stimulation, more 

systematic studies are needed to explore this dynamic interaction to maximize NiBS’ ability 

to enable behavioral learning and performance.

More interestingly, noninvasive brain stimulation might be able to enhance physical 

performance, as reported in studies on professional athletes. Okano and coworkers studied 

effects of 20 min tDCS with the anode over the left temporal cortex on trained cyclists 

during an incremental cycling test. They found significantly improved peak power, as well 

as reduced heart rate and perception of effort at submaximal workloads (Okano et al., 2015). 

Angius and colleagues (2017), likewise, reported reduced perception of effort and increased 

endurance in 9 cyclists following anodal stimulation over M1 when cathode was placed 

on the contralateral shoulder but not when placed over the prefrontal region (Angius et 

al., 2017). Similarly, Vitor-Costa and colleagues (2015) investigated the enhancing effect 

of tDCS over M1 on muscle fatigue and exercise tolerance in 11 cyclists. Anodal tDCS 

enhanced the time to exhaustion at 80% of peak power output. Interestingly, no significant 

effect was found on perceived exertion and heart rate. Therefore, anodal tDCS selectively 

enhanced performance without affecting physiological and perceptual variables (Vitor-Costa 

et al., 2015). The beneficial effects of tDCS on motor performance during physical exercise 

in athletes and healthy individuals may be explained by tES interaction on perceived fatigue. 

Various authors suggested that the improvement in workload was achieved by a significant 

reduction in perception of effort (Lattari et al., 2018, 2016). This may be due to a reduction 

in excitatory inputs from the supplementary motor area (SMA) and other brain regions 

(Morree et al., 2012; Zénon et al., 2015). Other authors linked improvement in endurance 

performance following anodal tDCS over M1 in increased neural drive and reduction in 

central fatigue (Oki et al., 2016; Vitor-Costa et al., 2015). Accordingly, fatigue reported 

in different pathologies seems to benefit of rTMS and tDCS application, such as Multiple 

Sclerosis, Parkinson’s Disease, and Fibromyalgia (for a review see Lefaucheur et al., 2017).

In conclusion, tDCS seems to be a promising tool to enhance muscular strength, muscle 

endurance, and fatigue which are all crucial not only for professional athletes but potentially 

also for astronauts and cosmonauts. Although, before its implementation on the in-flight 

crew, research needs to clarify whether tDCS might be useful in highly trained individuals. 

One study, indeed, failed to further improve maximum performance in fine motor control in 

elite pianists (Furuya et al., 2013).
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5.3) Cognition

An even bigger threat to the success of space missions is an inadequate and ineffective crew 

cognitive performance (Clément and Reschke, 2008). Results from Earth-based research 

highlighted the importance of studying the effects of stress on cognitive performance. Right 

now, cognitive measurements are routinely performed by astronauts aboard ISS before 

or after their periodic health status test. Some outdated cognitive tests and batteries are 

sometime still administered, such as MINICOG (Shephard and Kosslyn, 2005), AGARD 

(Draycott et al., 1996), and Spaceflight Cognitive Assessment Tool for Windows (WinSCAT; 

Kane et al., 2005). Cognition (Basner et al., 2015) is a time-constrained test that covers main 

cognitive domains, such as executive, episodic memory, complex cognition, social cognition, 

and sensorimotor speed, now the current standard for check-ups in space operations.

Evidence of the effects of spaceflight on cognitive functioning is controversial. Strangman 

(2014) examined attention, memory, learning, executive or higher-order functioning, 

emotion processing, and social processing in his extensive review of cognition in spaceflight 

and other ICE environments. While empirical results reviewed failed to find significant 

objective decrements in cognitive functioning during spaceflight, the study highlighted 

a high prevalence of anecdotal reports of difficulties attending to tasks, complaints of 

cognitive slowing, and memory problems while on orbit. As aforementioned, various animal 

studies proved cognitive deficits due to a synaptic pruning for cosmic radiation exposure 

(Britten et al., 2016, 2012; Chakraborti et al., 2012; Denisova et al., 2002; Lonart et al., 

2012; Parihar et al., 2018). This makes it difficult to conclude that there is no significant 

cognitive decrement occurring. A possible explanation involves the concept of “reserve 

capacity”. Higher functioning individuals are postulated to possess a reserve factor that 

moderates the expression of impairments in cognitive functioning in the face of brain 

pathology (Jones et al., 2011). Reserve capacity is further conceptualized in terms of two 

models: brain and cognitive reserve. Brain reserve refers to structural aspects of the brain 

(e.g., size, number of neurons, synapses), whereas cognitive reserve involves aspects of 

complex cognitive processes (efficiency, capacity, or flexibility; Barulli and Stern, 2013). 

More intelligent or better-educated individuals are thought to possess a greater level of 

cognitive reserve and during the brain, pathology will manifest lower amounts of cognitive 

impairment than those with lower amounts of cognitive reserve (lower educated or IQ 

individuals). Before starting the challenging Earth-based training, future astronauts are 

carefully chosen from a big pool of candidates, usually holding a high-level degree (M.D. 

or Ph.D. in astrophysics/engineering) or involved in a job requiring high and fine skills 

(Air-Force pilots, test pilots, military). Subjects of this profile are probably candidates with 

a high cognitive reserve that would help them to countermeasure detrimental cognitive 

performance in space.

An interesting window of observation is also offered by studies involving highly 

specialized professional figures, where a “ceiling effect” in terms of behavioral improvement 

after any intervention is expected. These individuals have reached their capacity via 

standardized training, making it hard to enhance their abilities in general. However, targeted, 

personalized CNS changes induced by NiBS can offer an advantage over other enhancement 
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interventions (e.g. drugs, exercise, diet, supplements), allowing to accelerate learning or 

boost performance in individuals otherwise performing at their physiological peak.

Even though cognitive impairment may not always be tested and visible among crew 

members, astronaut’s performance should be constantly monitored and possibly enhanced 

to allow better outcomes of space missions. During space missions, astronauts are daily 

required to keep sustained attention, be able to perform in a hostile environment, under 

stressful, and time pressing situations. Other than attentional ability and working memory, 

human multitasking capability is a crucial key interest. Spaceflights, and even normal 

standard situations on ISS, require a human operator to monitor and respond to multiple 

events simultaneously over a long period, risking a decline in performance as a result of 

information overload (Cheshire, 2015). Perceptual problems are also related to microgravity 

environment characteristics that make astronauts see objects in non-customary orientations. 

The proper perception of objects might be therefore negatively affected. One well-known 

example is the impairment in the perception of faces during spaceflights (Kanas and 

Manzey, 2008). Among the thousands of potentially threatening situations that astronauts 

and cosmonauts face, some of them require more than just apply standard protocols but also 

find new and creative solutions, such as the example of the famous fix during the mission 

Apollo 13 (King, 1997).

Different protocols of tES proved to be able to entrain and modulate cognition in various 

domains (for a comprehensive review see Kuo and Nitsche, 2012). We review NiBS 

applications in cognitive domains, selecting pivotal studies from the multitude conducted 

during the last years.

5.3.1) Attention and Vigilance.—Bolognini and coworkers (2010) coupled a 30 min 

multisensory visual field exploration training with anodal-excitatory tDCS over the posterior 

parietal cortex (PPC) with right and left hemisphere stimulated in different experiments. 

They tested the performance in visual exploration speed, visual scanning, and visuospatial 

orienting. tDCS applied to the right PPC increased training-induced behavioral improvement 

of visual exploration. Results also proved that tDCS applied on the right parietal lobe can 

enhance visual search even when not associated with training (Bolognini et al., 2010).

Using α and γ tACS during two spatial cueing tasks, Hopfinger and Parsons (2016) 

investigated modulation on endogenous and exogenous attention. Because γ tACS (40Hz) 

significantly facilitated endogenous attention with no difference in exogenous one, authors 

suggested that γ waves play a dominant role in attentional disengagement and reorientation, 

further proving a way to enhance it.

In a study supported by the U.S. Air Force, tDCS improved vigilance (sustained attention) 

and target detection of pilots. Twenty‐seven Air Force pilots received 90 minutes of 

preparatory training for “synthetic aperture radar target learning task” during a tDCS session 

(2 mA for 30 minutes, the anode in area F10- forehead side) or sham. The task consists of 

a radar simulator with circular patterns in which participants had to identify target stimuli 

(for example, vehicles or missiles), which could appear in different points of space. Anodal 

tDCS during training produced improvement in the accuracy of visual search during the task 
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by about 25% compared to the sham group (McKinley et al., 2013b). This application might 

specifically be valuable for Earth-based mission control operations.

5.3.2) Multitasking and Working Memory.—tDCS application on working memory 

(WM) has been proved in different studies, with a focus mostly on the dorsolateral prefrontal 

cortex (DLPFC) stimulation. Fregni and colleagues (2005) administered anodal, sham, 

or cathodal tDCS during a sequential-letter working memory task (3-back letter task). 

Results indicated that anodal stimulation over left DLPFC was able to increase accuracy 

by enhancing working memory capacity. Zaehle and coworkers (2011) described similar 

positive effects of anodal tDCS on response accuracy in a 2-back WM task, also increasing 

α and θ power, while cathodal tDCS impaired performance triggering a drop of these 

frequencies. A similar paradigm has been applied to study the time-dependent effect of 

stimulation. Ohn and coworkers (2008) administered 20 min of 1mA anodal tDCS during 

the 3-back verbal task. Beneficial effects of anodal tDCS on performance accuracy were 

not only evident during online stimulation but also maintained up to 30 minutes after 

the end of the session (Ohn et al., 2008b). Similarly, Hoy and colleagues (2013) found 

that anodal tDCS applied to left DLFPC generated significant improvements in accuracy 

during a 2-back test. In fact, in most studies on tDCS and WM, the anode was placed 

over left DLPFC rather than the right (for a meta-analysis, see Brunoni and Vanderhasselt, 

2014). The same research group that showed tDCS ability to improve spatial recognition 

accuracy in Air Force pilots, applied anodal tDCS over DLPFC in 20 Wright-Patterson Air 

Force participants to enhance multitasking capability (Nelson et al., 2016). The stimulation 

significantly improved information processing capability resulting in improved performance 

compared to placebo protocol.

Although tDCS ability in modulating behavioral performance seems to be widely replicated, 

a 2015 review of tDCS studies found no statistical evidence to support strong changes 

in cognitive performance after a single session tDCS in healthy subjects (Horvath et al., 

2015a). A second study also found a small statistically reliable impact of tDCS on various 

neurophysiological outcomes (Horvath et al., 2015b). Ambiguous outcomes in the case 

of tDCS sessions on cognitive enhancement may be explained by individual differences, 

considering how the effect induced by external stimulating such as low current stimulation is 

highly influenced by the state of the brain (Hsu et al., 2016). Moreover, the reviews explore 

cognitive measures collected during or following one single tDCS session. Many studies 

investigated multi-day stimulation paradigms (Antonenko et al., 2019; Talsma et al., 2016) 

reporting successful effects on cognition. In this context, future studies should consider, 

overnight consolidation as a crucial component supporting NiBS effects (Marshall et al., 

2006).

On the other hand, tACS has been proven effective in inducing a frequency-specific effect 

on short-term memory capacity (Feurra et al., 2016). Oscillatory stimulation in θ (5Hz), 

α (10Hz), β (20Hz) and γ (40Hz) range were delivered during a digit span task over the 

left posterior parietal cortex, a cortical region thought to sustain maintenance processes in 

short-term memory through oscillatory waves in β range. As expected, Feurra and coworkers 

found the β-tACS robustly increased the forward memory span (Feurra et al., 2016).
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5.3.3) Problem Solving, Insight, Fluid Intelligence, and Creativity.—Dockery 

and coworkers (2009) described a phase-specific effect of tDCS over left DLPFC on 

performance in the Tower of London task, which involves strategic planning. Cathodal tDCS 

improved performance during the early acquisition phase of task performance, probably 

due to its reducing effect on distractive cortical noise, whereas anodal stimulation improved 

performance in later stages of task performance, presumably via its activity-enhancing effect 

on task-related neuronal activity (Dockery et al., 2009b).

Santarnecchi and colleagues (2019) administered tACS to modulate insight ability, a 

particular form of problem-solving consisting of a sudden realization of a solution for 

the problem presented (Santarnecchi et al., 2019). 10Hz tACS and 40Hz tACS were 

administered during two insight tasks on parietal (P4) or temporal (T8) area respectively, 

along with sham stimulation, according to neurophysiological pieces of evidence of α and 

γ band activity raise during an insight moment (Jung-Beeman et al., 2004). As expected, 

γ-tACS applied on the right temporal lobe increased accuracy, correlating also with an 

increase in γ spectral power over bilateral temporal poles.

Fluid intelligence (Gf) represents the capacity to reason and solve novel problems 

independently from previously acquired knowledge (e.g. logical problems). This higher 

cognitive domain has also been modulated in a single session tACS intervention. 

Santarnecchi and colleagues (2013) administered tACS over left middle frontal gyrus on 

20 tACS-naive, right-handed, healthy volunteers while performing an extended version of 

Raven’s matrices, a classic task to assess Gf (Matzen et al., 2010). Experimental paradigm 

compared the accuracy and timely responses in performance during four tACS conditions: 

5 Hz (θ), 10 Hz (α), 20 Hz (β), and 40 Hz (γ), and placebo stimulation. Gamma-band 

stimulation resulted in a shorter time required to find the right solution during the task. The 

performance was enhanced only during this particular frequency stimulation and in complex 

trials involving conditional/logical reasoning (Santarnecchi et al., 2013).

While γ tACS can enhance abstract reasoning, α stimulation over the frontal cortex (10Hz 

tACS) has been shown to correlate with another high order cognitive function: creativity, 

as the ability to produce innovative ideas. In a randomized, balanced cross-over design on 

20 healthy participants, Lustenberger and coworkers (2015) reported a frequency-specific 

significant improvement of 7.4% in the Creativity Index during stimulation at 10Hz.

5.4) Sleep

Sleep loss, fatigue, and poor sleep quality, with various consequences, have been reported 

and replicated on numerous space missions (Barger et al., 2014; Stampi, 1994). The causing 

factors are related to modifications of classical Earth environmental cues, such as altered 

light-dark cycles, light exposure and low light intensity, sleep-disrupting noise levels in the 

spacecraft during rest which produces disturbances on the circadian rhythm and consequent 

psycho-physiological effects (Dijk et al., 2001). Particularly, noise levels 4–24dB higher 

than normal limits have been registered on ISS, which sometimes calls for extra measures 

in the form of anti-noise earplugs and hearing protection devices. Although in some studies 

sleep patterns seem to differ minimally from Earth-based sleep (Dijk et al., 2001; Pavy-Le 

Traon and Taillard, 2010), a reduction of total sleep to 5–6h sleep per night has been 
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registered along with a clear alteration of circadian sleep (Dijk et al., 2001; Frost et 

al., 1976). Monk and colleagues (1998) analyzed the sleep of four astronauts finding no 

alterations of REM sleep, but a general decrease of slow-wave activity indicating how sleep 

was shallower in space compared to Earth. Other studies found a considerable increase in 

REM sleep total time and a reduction of REM latency during the first week after return 

to Earth (Dijk et al., 2001; Frost et al., 1976). On long-duration missions, major sleep 

disruptions problems related to this may appear and compromise performance levels, leading 

to more mistakes, depression, anxiety, and higher cortisol levels (Buckey, 2006). A reduction 

in melatonin has also been reported in microgravity (Holley et al., 1991). Although the 

use of drugs is usually not indicated due to their side and sedative effects, some sleep 

medications have been used in long-duration missions upon the approval of the medical 

team.

5.4.1) Sleep Quality and Sleepiness.—Subjective sleep quality is positively 

correlated with time spent in slow-wave sleep (SWS) itself (Akerstedt et al., 2009). 

Therefore, the researcher investigated how to increase sleep quality targeting SWS through 

tACS. During the experiment run by Ketz and colleagues (2018) with the purpose of 

memory consolidation, the team applied closed-loop tACS matching SWS in NREM stages, 

while collecting different data on sleep quality such as sleep efficiency, time spent in NREM 

stages, SWS, and REM sleep time. The authors underlined a significant raise in SWS, clear 

signs of improved sleep quality (Robinson et al., 2018). This result is not only relevant 

for healthy participants but also subjects with more severe sleep disturbances. Saebipour 

and coworkers (2015) applied 5-min blocks of 0.75Hz otDCS during SWS in a cohort of 

patients affected by primary insomnia, reaching a sleep deepening effect (i.e. an increase of 

NREM3), a decrease of time spent in NREM1 and a drop of wake time after sleep onset 

(WASO). To date, only one study applied tES with the precise goal to promote sleepiness in 

awake participants, hopefully, to induce sleep in the future. The authors applied a particular 

protocol of otDCS at 5 Hz in the frontal area, resulting in an effective change of both 

subjective sleepiness and spontaneous low-frequency EEG activity (Atri et al., 2016).

5.4.2) Sleep Deprivation and Alertness.—tDCS effects on vigilance have been 

observed in sleep-deprived research participants. Using the same tDCS paradigm McKinley 

and colleagues used to enhance vigilance and multitasking capability, McIntire and 

coworkers (2014) demonstrated that tDCS mitigated vigilance decrement due to sleep 

deprivation for at least 6 hours, 3 times longer than the effect of caffeine. Additionally, 

both tDCS and caffeine led to improvements in reaction time and fewer lapses on a simple 

reaction time task, both of which are highly sensitive to fatigue. Subjective reports revealed 

that participants receiving tDCS experienced also less fatigue and/or drowsiness and more 

energy following stimulation as compared to subjects who received sham tDCS. The same 

research group examined the effects when tDCS was applied 10 hours earlier in the sleep 

deprivation period (McIntire et al., 2017). The study confirmed that tDCS prevents declines 

in vigilance performance for approximately 6 hours post-stimulation. Moreover, the effects 

on arousal and mood were found to persist much longer, at least 24 hours post-tDCS. These 

findings suggest that it may be possible to administer tDCS before the start of the shift on 
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ISS or on Earth-based mission control to provide performance benefits that last until the end 

of the workday.

5.5) Psychological States

Stressing situations (such as hypoxia and cosmic radiation) causing dysfunction of 

the prefrontal area can not only lead to mistakes in cognitive performance and sleep 

disruptions, but also dramatic modifications in emotional processing. ICE environments, 

as aforementioned, are usually triggers of stressing reactions. Astronauts are required to 

adapt effectively to ICE situations they encounter. It is well known that people differ in how 

quickly they adapt to spaceflight and other extreme conditions, such as analogous situations 

on Earth (Kanas et al., 2010; Sandal et al., 1995).

Clinical conditions such as a following severe depressive state, even in only one crew 

member, can interfere with performance and, unfortunately, terminate a space mission, as 

happened with Salyut 7 in 1985. Anxiety is also a common problem in the dangerous and 

stressful environment, and it has been detected in crewmembers on Antarctic missions. It 

is, however, not common in space missions, even though it may appear, as indicated by 

some MIR missions (Kanas and Manzey, 2008; Linenger et al., 2000). In summary, although 

reports of depressive and anxious states are often vague or subjective, they are encountered 

in astronauts (Barger et al., 2014).

As aforementioned, high levels of cortisol due to dangerous and risky situations reduce 

appetite-regulating hormones. Loss of appetite is common in astronauts, and it has 

been documented from Project Mercury in 1961–1963 (Carpentier et al., 2018). Cosmic 

radiations are also responsible for anorexic behavior, as seen in animal models (Fajardo et 

al., 2001; Hunt et al., 1989; Rabin et al., 2000, 1994, 1991, 1989).

5.5.1) Depressive States and Anxiety.—Various protocols of tES have been 

suggested and applied to mitigate clinical symptoms of patients affected by different 

neuropsychiatric disorders, such as depression, schizophrenia, anxiety, autism, and craving, 

with good results (for a review see (Kuo et al., 2017, 2014; Philip et al., 2017). Depression 

represents the more treated and investigated psychiatric condition in efficacy studies with 

tES. The classical tDCS protocol typically involves an anode placed over the left DLPFC. 

Although initial tDCS studies generated mixed results regarding potential efficacy (Boggio 

et al., 2012; Fregni et al., 2005; Loo et al., 2010), the latest and more extensive trials showed 

positive effects. To date, the largest randomized study (n=120) with tDCS administered 

twelve 30-minute sessions of 2 mA tDCS: 10 consecutive workday sessions followed by a 

single session delivered every other week comparing the outcome with sertraline in a 2×2 

factorial design. Albeit a greater drop in depressive scores was seen in tDCS and sertraline 

combined therapy group, active tDCS monotherapy was superior not only to sham tDCS but 

also to sertraline monotherapy (Brunoni et al., 2013). In 2016, a European meta-analysis 

attributed level B evidence (probable efficacy) of tDCS for depression (Lefaucheur et al., 

2017a).

What could be used for a clinical population may also be generalized for healthy subjects, 

as seen in different studies. In various experimental paradigms focused on investigating 
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other domains, mood improvements have also been found as a collateral outcome. Marshall 

and coworkers (2004), found also that anodal tDCS on bilateral DLPFC triggered an 

improvement in mood measured with Eigenschaftswörterliste (EWL), an adjective checklist 

describing the subject’s mood, while the main aim was to enhance memory consolidation 

overnight. Similarly, as aforementioned before, McIntire and colleagues (2017) tested 

healthy participants with a 15-items Likert Scale Mood Questionnaire and the Profile of 

Mood States (POMS), a 65-item questionnaire that measures mood using 6 categories: 

tension-anxiety, depression-dejection, anger-hostility, vigor-activity, fatigue-inertia, and 

confusion-bewilderment while studying the ability of tDCS on DLPFC to countermeasure 

fatigue due to sleep deprivation similarly to the caffeine effect. Researchers reported a drop 

in depressive scores. Participants receiving early intervention tDCS also reported feeling 

more able to do the task and less bored (McIntire et al., 2017). tDCS efficacy to alter mood 

state in healthy subjects could be explained by its ability to mitigate the negative effects of 

stressing factors such as fatigue.

5.5.2) Loss of Appetite.—Although tDCS research mostly focused on food cravings 

(Boggiano et al., 2017; Goldman et al., 2011; Montenegro et al., 2012), this stimulation 

protocol seems to be a valuable countermeasure also for loss of appetite. Pieces of 

evidence have been provided that food craving is reduced when excitatory (anodal) tDCS 

is applied over the right DLPFC as opposite as effect on anorexia nervosa (AN) where 

excitatory stimulation is applied over left DLPFC. For example, Fregni and coworkers 

(2008) compared both tDCS protocols, anode right/cathode left and anode left/cathode 

right, to sham stimulation, and found that food craving was reduced, remained stable and 

increased in these conditions, respectively. tES has been also proven to reduce AN-related 

behaviors and thoughts (Lee et al., 2018; McClelland et al., 2013). Finally, tDCS applied 

bilaterally on DLPFC in a cohort of AN patients was able to significantly increase appetite, 

resulting in a higher Body Mass Index persisting also 1 month later, compared to the 

standard Family-Based Intervention (Costanzo et al., 2018).

6) POST-FLIGHT NiBS APPLICATIONS: BIOMARKERS AND SUPPORT

Even after the space mission, astronauts are not yet spared from potential effects on their 

health, cognitive, and psychological states. If on one hand, a long-duration mission can 

cause a direct modification of the brain anatomy-physiology, on the other it can also trigger 

long-term adaptation mechanisms that, upon return to Earth, are no longer beneficial but 

may be harmful since the abolition of the space-related stressors. NiBS applications can be 

a powerful tool to investigate space-induced modifications in neurophysiology, particularly 

regarding the neuroplasticity and cortical excitability field via TMS and tACS assessment 

before and after the flight.

Astronauts also shift from working for months on spacecraft to readjusting on Earth-based 

normal life. Cognitive deficit and depressive states are two of the possible consequences of 

this stressful transition. NiBS, as seen in in-flight applications, may support cognitive and 

psychological rehabilitation of crewmembers after the end of the mission.
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6.1) TMS to Assess Neuroplasticity and Cortical Excitability

Neuroplasticity is pivotal for functional recovery after injury and has been suggested as a 

potential resource to counteract the effect of microgravity (Ombergen et al., 2017). TMS 

has been frequently used to investigate cortical plasticity in healthy participants and patients 

(for a review on TMS in neuroplasticity studies see Bestmann, 2008; Ferreri and Rossini, 

2013) as well as investigate corticospinal excitability to hyper- and micro-gravity. In a 

preliminary investigation, Davey and coworkers (2004) administered TMS over M1 on 3 

healthy subjects during 10 parabolas to produce MEP and recording in the deltoid and left 

and right erector spinae (ES) muscles. Data showed a similar pattern in all participants, 

revealing the facilitation of MEP responses in left and right ES muscles in periods of 0g. 

MEPs increase suggested that microgravity produced activation of ES muscles through an 

increase in corticospinal excitability (Davey et al., 2004).

Concerning ground-based analog, Roberts and colleagues (2010) combined TMS and fMRI 

to investigate whether simulated gravity through 90 days of HDBR induced changes 

in corticospinal tract excitability. They found reduced cortical activity in motor areas 

(specifically the leg cortical representation) and a decrease in corticospinal excitability 

after HDBR. According to the authors, these reductions in cortical motor function could 

underlie motor-related difficulties in astronauts (Roberts et al., 2010). Additionally, in the 

post-HDBR period, they reported an increase in corticospinal excitability that inversely 

correlated with functional mobility impairment, leading them to assume that TMS could 

be used as a possible countermeasure against lower extremity dysfunction. The authors 

suggest TMS to become part of a countermeasure regime for astronauts on long-duration 

space missions to counteract lower extremity dysfunction, for example before operations on 

a planetary surface (Roberts et al., 2010).

6.2) Cognitive and Mood Enhancement

A recent study investigated the consequences of prolonged space exposure on two identical 

twins, one who spent a year on ISS and one on Earth. Cognitive speed decreased for all 

tests of Cognition except for the digit symbol substitution task, and accuracy decreased for 

all domains except for spatial orientation post-flight. The decline was significantly greater 

in siblings who went on space post-flight and persisted up to 6 months after the end of 

the mission in both speed and accuracy domains (Garrett-Bakelman et al., 2019). Some 

explanations about this persisted cognitive deficit seem to involve a depressive state due to 

being back on Earth after spaceflight. Therefore, every in-flight application presented here 

may be also implemented as a support for a cognitive and affective readjustment of crew 

members on their return on Earth. Specifically, tES application to mitigate depressive states 

has been suggested, considering its good outcomes on depressive states, whether alone or 

in combination with antidepressant drugs (Brunoni et al., 2013b). More important, during a 

space mission, tES could be the only NiBS technique able to be implemented in-flight, while 

astronauts on Earth-based post-flight rehabilitation can be successfully treated with TMS. 

Prefrontal rTMS therapy repeated daily over 4–6 weeks (20–30 sessions) is FDA approved 

for the treatment of Major Depressive Disorder (MDD) in adults who have not responded to 

prior antidepressant medications (for a review see Perera et al., 2016). Depression involves 

a distributed network of cortical and limbic regions including left DLPFC, hippocampus, 

Romanella et al. Page 30

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and subgenual cingulate among others (Pascual-Leone et al., 1996) and TMS studies have 

focused on left DLPFC as one accessible node of this depression network. The efficacy 

and safety of TMS using a specific, defined treatment protocol of high-frequency, left 

prefrontal TMS was confirmed in two large, multisite, randomized controlled trials (George 

et al., 2010; O’Reardon et al., 2007) and one large, multicentre trial that used a form of 

more focalized TMS (Deep TMS; Levkovitz et al., 2015). In conclusion, rTMS may be 

implemented as well with astronauts on an Earth-based treatment in case of post-flight 

depressive episodes.

6.3) Perturbational-based Biomarkers

Combined neuroimaging/neuromodulation solutions could provide extensive and 

comprehensive information about cortical functional dynamics modified by longer space 

missions. TMS and tES combined with electrophysiology or neuroimaging techniques 

allow to determine (i) where exactly to stimulate, by adapting the standard target regions 

onto individual subject anatomy (e.g. using anatomical MRI) or to individual functional 

activity (e.g. functional MRI), (ii) when delivering stimulation (by using EEG data that 

display greater temporal resolution respect to neuroimaging acquisition), and (iii) how 
to set the stimulation parameters (i.e., stimulation intensity). Additionally, neuroimaging 

and neurophysiology represent useful readouts of changes induced by NiBS, both during 

stimulation as well as after the intervention (or at follow-up sessions) Santarnecchi et al., 

2018). In general, neuroimaging data are usually considered to optimize the targeting of 

specific regions, with the possibility of using anatomical scans (i.e. T1- or T2-weighted 

images), functional data (e.g. fMRI or perfusion MRI data), and metabolic information 

(Positron Emission Tomography – PET or Magnetic Resonance Spectroscopy), depending 

on the specific aim of the intervention. Also, neuroimaging has been pivotal in revealing 

some crucial effects of NiBS, for example, TMS effects on neurotransmitters via ligand-PET 

(Strafella et al., 2001), and the modifications of neuronal activity in distant sites respect to 

the stimulated target (Bestmann et al., 2005).

One of the most promising multimodal techniques is concurrent TMS and EEG recording 

(TMS-EEG). When a single TMS pulse is applied over a cortical region, the transmission of 

generated activity can be discerned by space-temporal analysis of TMS-evoked potentials 

(TEPs; Ilmoniemi et al., 1997). TMS-EEG is particularly interesting to study causal 

communication between brain connections with a high temporal resolution, providing 

insights into mechanisms of effective connectivity (Friston et al., 1993; Massimini et 

al., 2005). TMS-EEG can provide information about cortical inhibition and excitation, 

plasticity, and connectivity in clinical and healthy populations (for a comprehensive review 

see Tremblay et al., 2019).

Similarly, tES and EEG protocols can be combined to enhance experimental inference(Boyle 

et al., 2013; Roh et al., 2014; tES-EEG). EEG is used to probe the state of the cortical 

area affected by tES, which could be the stimulation site or an interconnected region, 

and to evaluate connectivity and excitability modifications within a functional network 

(Miniussi et al., 2012). EEG recording allows the study of Event-Related Potential (ERPs) 

or EEG deflections time-locked to specific external or internal signals (Buzsáki, 2009). 
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Thus, amplitude and latency of the ERPs (generated in response to somatosensory, visual, or 

auditory stimuli) may provide information regarding activity modulation induced by tES in 

specific cortical regions (Miniussi et al., 2012). Furthermore, t combined tACS-EEG can be 

used to evaluate specific changes in brain oscillations in a specific area or the entire brain.

More specifically, in the case of deep space flights, astronauts change ICP and fluid shift 

that might affect brain function and induce SANS. Increased ICP can also trigger changes 

in topology and organization of brain networks, such as changes in modularity or resilience, 

which can be investigated by TMS-EEG (Massimini et al., 2012; Ozdemir et al., 2020). 

Similarly, it is relevant to test changes in brain efficiency as measured by the propagation 

of electrical activity injected by TMS. TACS-EEG, on the other hand, may help in studying 

long-distance synchronization and modifications in oscillatory activity, while offering the 

crucial element of portability.

7) MONITORING AND MODULATING FUNCTIONAL CONNECTIVITY

As mentioned earlier, Demertzi and colleagues showed significant differences in post-flight 

FC between the motor cortex and cerebellum, as well as changes within the Default Mode 

Network (DMN) on a single cosmonaut (Demertzi et al., 2016, see paragraph 2.1). Most 

importantly, FC changes were still present 9 days after landing on Earth. This may pose a 

new potential threat for Mars missions, where MCC assistance could not be provided.

DMN alterations in- and post-flight may be triggered by various factors. Firstly, DMN 

may play a role in initiating the adaptation to microgravity occurring during long-duration 

spaceflights. Otsuka and coworkers suggested that exposure to magnetic variation in space, 

via the retina, or the brain directly, may activate the dynamics of large-scale brain networks, 

and this process would be initiated by DMN (Otsuka et al., 2019). DMN alterations may 

also be enabled by frequent sleep disruptions, typical on space missions (Barger et al., 

2014; Dijk et al., 2001; Stampi, 1994). On Earth-based studies in healthy participants, sleep 

alterations have generally been associated with alterations in FC of the DMN and VAN 

(De Havas et al., 2012; Scullin, 2017). Even lack of one single nighttime sleep has been 

associated with a deficit in the FC within the DMN the following morning (Kaufmann 

et al., 2016). Interestingly, Santarnecchi and colleagues (2018) reported how patients with 

chronic insomnia present a weaker connection between DMN and the supplemental motor 

area. Furthermore, the authors found that earlier age of insomnia onset positively correlated 

with FC within DMN (Santarnecchi et al., 2018). Addressing insomnia-related symptoms 

and sleep alterations may prevent long-lasting DMN connectivity reshaping. Importantly, 

DMN modifications may also be correlated with depressive symptoms. Among other RNSs 

alterations, abnormally increased DMN connectivity has been widely reported in depression 

(Anand et al., 2005; Greicius et al., 2007; Kaiser et al., 2015; Liston et al., 2014; Sheline et 

al., 2010).

DMN plays a pivotal role in memory consolidation, mental imagery, internal dialogue and 

maintenance of long-term memory (Buckner et al., 2008; Uddin et al., 2009), and has been 

promoted as a marker of healthy cognitive functioning and healthy aging (Santarnecchi et 

al., 2017; Spreng et al., 2016). Thus, its alterations may enable cognitive difficulties and 
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depression vulnerability. Moreover, recent studies investigated the brain correlates of coping 

strategies, a combination of mental and behavioral abilities aimed to minimize stress due to 

dangerous, conflictual, or anxious situations. Santarnecchi and coworkers (2018) analyzed 

resting-state fMRI data from 102 healthy adults and their psychometric scores of coping 

abilities. Specific cortical networks, such as DMN and AS, were found to be involved in the 

propensity to adopt different coping styles in stressful situations (Santarnecchi et al., 2018b). 

Although there are no data or trial specifically targeting coping styles, the possibility to 

increase coping abilities by stimulating nodes of DMN with NiBS may be promising.

8) PRACTICAL SUGGESTIONS: TECHNICAL CHALLENGES AND 

CAVEATS

Although NiBS techniques showed high safety and feasibility in healthy and clinical 

populations (Antal et al., 2017; Rossi et al., 2009), their applications in space missions 

require some considerations. In the last years, there has been a growing interest in 

offering TMS treatment outside the experimental environment, and in the absence of trained 

operators. A recent study of an individually-tailored TMS helmet applied over M1 suggested 

it as a feasible and reliable alternative to traditional laboratory settings (Badran et al., 2020). 

This opens the opportunity to administer TMS in non-laboratory settings with variable 

gravity and minimal training.

Furthermore, space environments, such as ISS, spacecraft, Moon, and Mars call for more 

innovative solutions than earth-based non-laboratory settings. They differ from Earth 

for many features, such as temperature and pressure (NASA IG-18-021). These could 

potentially harm stimulation devices. In-flight NiBS applications, specifically, should 

carefully be tested. Below we address the feasibility of NiBS techniques as well as 

characteristics of new environments that will need to be evaluated to meet the technological 

requirements of TMS/tES devices. We also discuss how stimulating the brain through 

electrical currents in astronauts may open a new challenge, due to cerebrospinal fluid shift in 

microgravity conditions.

8.1) Feasibility of NiBS

Even though TMS application may seem impractical on ISS or spaceflights due to weight 

and interference in the magnetic field, it may still be a useful tool to investigate differences 

in cortical excitability before and after missions (i.e. perturbation-based biomarkers), 

or during experimental paradigms in space analog environments. As aforementioned, a 

protocol of test-retest paradigm on astronauts upon returning from a mission or after a 

simulation could be easily implemented as part of routine health screenings and follow-up 

visits performed to investigate possible response changes to external perturbation due to 

microgravity/cosmic radiation. tES, on the other hand, is a more practical technique during 

actual spaceflights. A tES session is usually not longer than 30 minutes and since the 

stimulation is noninvasive and it does not trigger any sensations, the subject can move, talk, 

and perform tasks.
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8.2) Environmental Challenges

The environment can be categorized into three timeframes:

On Planetary Surface.—On Earth, NiBS technology is designed for applications in 

clinical settings via a trained specialist with a medical background and unlimited access 

to technical support. On other planets, like Mars or the Moon, the environment is not 

as controlled. Assuming the hardware would not be damaged during the spaceflight, the 

equipment will face extreme temperature swings and possible radiation. Furthermore, the 

device has to be used by crew members with limited training. The interaction with ground 

control would be very limited and in the case of Mars with at least 20 min delay. Therefore, 

testing both hardware and software of the existing technologies for this environment is 

crucial (Seyedmadani, 2019).

During launch or recovery.—Due to the limitation of volume and cost associated with 

the mass, small profile, and lightweight devices are highly desired. Payloads usually launch 

on cargo systems that experience a variety of profiles of gravity, temperature changes, and 

extreme vibration. Therefore, the chosen technology for each mission must tolerate such 

impacts (Duncan, 2007).

On-Board of Spacecraft.—On-board of spaceflight, the environment is under control, 

meaning the temperature, humidity, and oxygen level are carefully defined. Temperature and 

humidity conditions required to administer tES need to match with those experienced-on 

board. For example, atmospheric pressure is maintained on ISS thanks to a module called 

ECLSS (Environmental Control and Life Support System) at 101.3 kPa (NASA/TP-2015–

218570), right above the limit of the influence of the device (700–1.000hPa). The effect 

of weightlessness also impacts hardware performance, including lack of heat rejection. 

Besides, radiation consequences should be further investigated.

8.3) Technological requirements

Beyond environmental factors and launch limitations, any existent technology resource 

on board of the craft should be addressed and carefully selected for the mission. NASA 

Standard SSP 30423 and MIL-STD 810-G are the guidelines followed by NASA Research 

Operation and Integration Group for use on the board of ISS of off-the-shelf hardware. 

Factors to be addressed include material compatibility in a closed system, thermal exchange, 

limited or no resupply possibility, no lithium battery allowed to reduce the chance of 

combustion, the necessity to control electromagnetic noise generated (EMI), radiation 

impact, toxicology, and training time.

Albeit the tES device is feasible and simple to use, some of the above standards need 

to be addressed. A theoretically simple concern could also be the supply of gel electrode 

and EMI limitation during the sessions. On the other side, the risk of increase or decrease 

current during the protocol due to solar particle events represents the main concern for the 

tES application. Going further, tES software needs to be checked with load capacity and 

technology on board of the craft. EEG data also requires space and time to be downloaded. 

Finally, crew training is pivotal to manage protocols and to modify protocols and parameters 
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through the interface. Interaction between software and hardware over WiFi or Bluetooth 

goes back to craft capabilities. Unfortunately, radiation and particle events could directly 

affect the electrical board of the system and cause a false positive or negative. Considering 

NiBS applications and possible outcomes of such an event, a full radiation test has to be 

performed on the device.

8.4) Limitation on Analog and Simulators

Beyond technological and environmental factors of spacecraft, performance tES feasibility 

in deep space and extreme conditions should be addressed. A major shift in CSF during 

spaceflights, as proved by the aforementioned SANS, could interfere with electrical current 

administration. Modifications in pressure and CSF distribution would require different 

biophysical modeling because they could create an uneven flow of electrical current, 

triggering different activation of neural networks and brain areas compared to normal 

gravity conditions. For this purpose, parametric models of anatomy can be created and 

techniques such as electrical impedance tomography (EIT, Gonsalvez et al., 2016) can be 

applied to estimate tissue conductivities. Therefore, developing simulators able to mimic 

neurophysiological changes due to space mission is a key for tES feasibility.

9) CONCLUSIONS

NiBS techniques have been shown to enhance performance in different domains, many of 

which could be relevant for astronauts and flight controllers. Earth-based specific NiBS 

protocols could be used to accelerate/consolidate training before missions, as well as 

identify post-flight biomarkers of brain changes/adaptation and guide rehabilitation. In-flight 

NiBS could also be implemented to enhance crew performance and psychological well­

being, but further validation of mission-specific protocols is needed.
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LIST OF ABBREVIATIONS

AAT Arm ability training
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AD Alzheimer’s disease

APP Amyloid precursor protein

AS Anterior salience network

BDNF Brain-derived neurotrophic factor

CNS Central nervous system

CR Cosmic Radiation

CSF Cerebrospinal fluid

DLPFC Dorsolateral prefrontal cortex

DMN Default mode network

ECLSS Environmental Control and Life Support System

EEG Electroencephalography

EIT Electrical impedance tomography

EMI Electromagnetic noise generated

ERD Event-related desynchronization

ERPs Event-Related Potential

ES Erector spinae

EVA Extravehicular activity

FC Functional connectivity

FDA Food and Drug Administration

fEPSP Field excitatory postsynaptic potentials

fMRI Functional magnetic resonance imaging

FUS Focused ultrasound stimulation

GCR Galactic Cosmic Radiation

HDBR head-down bed rest

HRP Human Research Program

ICE Isolated, Confined, and Extreme

ICF Intra-cortical facilitation

IFCN International Federation of Clinical Neurophysiology

ISI inter-stimulus interval
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ISS International Space Station

LEO Low Earth orbit

LORETA Low-resolution brain electromagnetic tomography

LTP Long-term potentiation

LTD Long-term depression

M1 Motor cortex

MCC Mission Control Center

MDD Major Depressive Disorder

MEPs Motor evoked potentials

MRI Magnetic resonance imaging

NBS Navigated brain stimulation

NiBS Noninvasive brain stimulation

NMDA N-methyl-D-aspartate

otDCS Oscillatory transcranial direct current stimulation

PBM Photobiomodulation

PET Positron emission tomography

PPC Posterior parietal cortex

ppTMS paired-pulse TMS

RMT Resting motor threshold

rTMS Repetitive TMS

SANS Spaceflight Associated Neuro-ocular Syndrome

SM Sensorimotor network

SMA Supplementary motor area

SMS Space Motion Sickness

spTMS Single-pulse TMS

SSRMS Space Station Remote Manipulator System

SWA Slow-wave activity

SWS Slow-wave sleep

tACS Transcranial alternating current stimulation
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TBS Theta-burst stimulation

tDCS Transcranial direct current stimulation

tES Transcranial electrical stimulation

TMS Transcranial magnetic stimulation

tRNS Transcranial random noise stimulation

VAN Ventral attention network

VAT Visuomotor adaptation task

VIIP Vision Impairment and Intracranial Pressure

WM Working memory
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Figure 1. Areas pivotal for space exploration that could potentially benefit from NiBS 
applications.
NiBS could be adapted to (i) improve astronaut physical and psychomotor training, 

cognitive performance, and adaptation to space-related stressors on Earth, as well as enhance 

and support the performance of the team at the Mission Control Centre during operations. 

NiBS could also (ii) mitigate the impact of ICE, microgravity, and cosmic radiation during 

spaceflight or long-duration missions on the ISS, and (iii) further tackle these issues in a 

habitat on Moon and Mars. Finally, NiBS-based measures of cortical excitability, plasticity, 

and excitation-inhibition balance could be used to investigate brain changes and support the 

post-flight return to baseline/recovery.
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Figure 2. Noninvasive Brain Stimulation Techniques.
(Panel A) Transcranial Magnetic Stimulation (TMS) relies on the electrical current going 

through a conductive coil, inducing a time-varying focal high magnetic field (~2T) that 

generates a strong electric field (>100 V/m) directly causing neuronal spiking with a 

high spatial resolution (~0.53 cm of activated brain tissue) (down, left). Different TMS 

protocols can be implemented by delivering trains of TMS pulses (repetitive TMS- rTMS) 

or by pairing pulses, inducing various effects including increase/decrease of corticospinal 

excitability, increase/decrease in cortical plasticity, modulation of brain excitatory/inhibitory 

balance, and changes in local connectivity and blood flow/perfusion. (Panel B) Transcranial 

Electrical Stimulation (tES) requires at least two electrodes (red=anode, blue=cathode), 

with at least one applied directly on the scalp (up, left). More channels can be added 

to extensively record EEG and/or perform high-resolution “multifocal” tES. Available 

protocols include transcranial direct current stimulation (tDCS), transcranial alternating 

Romanella et al. Page 59

Neurosci Biobehav Rev. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



current stimulation (tACS), and transcranial random noise stimulation (tRNS). Stimulation 

protocols differ from one another and allow to induce changes in cortical excitability, 

as well as more specific effects on brain oscillations, e.g., the α or γ rhythms. (Panel 

C)Stimulation techniques can be also combined with electrophysiology, as in the case 

of simultaneous TMS-EEG (panel and tES-EEG recording. In the case of TMS, a focal 

magnetic pulse is delivered to a specific brain region using a neuronavigation system (based 

on individual’s MRI) which allows for precise anatomical targeting of cortical areas at 

1-millimeter resolution. The activity elicited by the pulse is mostly local, with distant effects 

usually observed for regions structurally or functionally connected to the stimulation site. 

Both local reactivity and short-long range connectivity can be evaluated, either in terms 

of TEPs or time-frequency analysis. Distant or out-of-network regions might show delayed 

or even no responses. While TMS provides higher spatial resolution, when applied using 

alternating current, tES allows for frequency-specific modulation of brain electrical activity 

by supposedly tuning neuronal populations towards an externally induced oscillatory pattern. 

The response to tACS can be expressed in terms of spectral power changes investigated 

pre (c1), during (c2) and/or after stimulation (c3), as well as phase-coherence and other 

connectivity metrics, with the effects being measurable both at the stimulated area as well as 

other distant, resonant regions.
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Figure 3. Biophysical modeling and Network Targeting.
(Panel A) Starting from the MRI of a subject, the head is segmented into several layers to 

create a finite element model for the analysis of the electric field and current distribution. 

(Panel B) A target is specified, e.g. the right motor cortex or left dorsolateral prefrontal 

cortex, and a genetic algorithm is used to find the optimal location and currents of a subset 

of electrodes to maximize stimulation over the target while minimizing it over the rest of 

the brain (left, right motor cortex, right: left motor cortex target). At the bottom, we provide 

a visualization of the electric vector field (arrows), and in color scale the amplitude of 

the normal component of the electric field (En) to the cortical surface for two example 

montages. (Panel C) Network mapping can help to identify the topography of known brain 

networks using structural and functional MRI data, to then (Panel D) further identify optimal 

stimulation site(s) for each network/individual based on criteria including targetability (i.e. 

location of target area) and propagation ability within the target network.
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Figure 4. Framework for NiBS application.
NiBS can be applied with different outcomes depending on the specific goal and chosen 

time of administration. Both TMS and tES could be implemented for Earth-based 

assessment to investigate biomarkers and modifications in cortical parameters, such as 

excitability and brain oscillations, testing astronauts before and after spaceflights (panel 

A and E). On the ISS, in space installations, as well as on Earth, tES could be applied 

to enhance performance in different domains. In the case of activities that do not 

allow concurrent tES application (e.g., EVA), stimulation could be performed before a 

specific task to enable plasticity (panel B). The most common paradigm involves “online” 

stimulation, i.e. tES/TMS performed concurrently to a subject performing a motor or 

cognitive task (panel C). Stimulation can also be administered after a task/training, to 

consolidate learned abilities and memory traces, also during sleep (panel D). Finally, the 

same biomarkers collected at baseline could be used to assess the impact of long-term 

spaceflight on brain structure and function (panel E).
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Figure 5. Major Stressors and Possible In-Flight NiBS countermeasures.
In green, domains that can be targeted by NiBS during space missions. The second panel 

shows major stress factors due to the space environment that can trigger adverse reactions 

and threaten crew health.
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