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This work discusses the challenges of space exploration, focusing on microgravity-induced physiological changes, particularly those affecting the vestibular system, which significantly alters human performance in space, necessitating effective countermeasures. In microgravity, astronauts experience disorientation and space motion sickness due to changes in vestibular input, leading to symptoms like vertigo and headache. Postflight, astronauts show various neurological changes, similar to symptoms in individuals with vestibular disorders experiencing significant cognitive and perceptual difficulties. Studies have also shown that microgravity affects cortical and sensory responses, altering perception, motor function, and brain connectivity. Galvanic Vestibular Stimulation (GVS) is explored as a countermeasure, using modulated electrical currents to evoke neuronal activity in vestibular end-organs, potentially stabilizing posture and gaze in microgravity. The work proposes that GVS could serve as a non-invasive intervention to help adapt to space environments by enhancing vestibular function and possibly aiding cognitive functions and underscores the need for continued research into the vestibular system’s role in human health and performance during space missions. It highlights the potential of GVS as a promising countermeasure for the challenges posed by microgravity.
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1 INTRODUCTION
Space exploration entails numerous technical challenges, including propulsion systems, human space health, and medicine, the cost of space technologies, ambient aspects related to production and launching, the active removal of debris in space, and in-orbit servicing, among others (Aglietti, 2020). As mission duration increases, the requirements for effective medical countermeasures become more complex. Countermeasures or combinations of them must be developed because mission success could be compromised if astronauts cannot carry out essential functions. Failures in sensorimotor performance during piloting, extravehicular activity, or guidance tasks would pose significant risks to missions. The weightlessness problems must be addressed before seriously considering long-duration human missions (Clément et al., 2015).
In this work, we focus on the use of devices for Galvanic Vestibular Stimulation (GVS) as a countermeasure for microgravity-induced physiological changes, particularly those associated with the vestibular system and the neurosensory conflict, both of which may lead to significant alterations in human performance in space (Kornilova et al., 2017).
1.1 Vestibule and space adaptation syndrome
The Vestibular System is constituted by a set of biomechanical sensors located in the part of the inner ear. In a healthy person, the vestibular system produces the appropriate reflexes and reactions to achieve and maintain a stable body position, stabilize the gaze, and spatial orientation (Young, 1974). This biomechanical system comprises three semicircular canals (lateral, posterior, and anterior), oriented almost orthogonally, and two otolithic organs (saccule and utricle). The semicircular canals (SCC) allow for the detection of angular movements of the head, while the otolithic organs provide information on linear displacements (such as normal gravitational). The vestibular system generates a set of vestibule-spinal and vestibule-colic reflexes that contribute to maintaining stable posture, vestibule-ocular reflexes related to the maintenance of visual stability, and vestibule-autonomic reflexes related to vaso-vagal stability (Fife, 2010; Cullen, 2012).
The proper function of the vestibular apparatus is crucial for sensory integration and spatial location (Cullen, 2019). However, alterations in vestibular input can occur, particularly in microgravity environments. Disorientation in space and space motion sickness are commonly experienced by astronauts during the transition between gravitational environments (Moore et al., 2011). Exposure to microgravity triggers space adaptation syndrome and, in some cases, spatial motion sickness. Symptoms of this syndrome include vertigo, general malaise, lethargy, and headache (Crampton, 1990).
Alterations in vestibular end-organ function contribute to the development of this disabling condition. These alterations may include otolith deafferentation, channel–otolith conflict, interlabyrinth asymmetry, intersensory mismatch, and changes in labyrinth fluid dynamics due to fluid redistribution in the cranial direction (Kornilova and Kozlovskaya, 2003).
During space travel, there are transitions between periods of predominant adaptation and sub-adaptation (decompensation) (Kornilova and Kozlovskaya, 2003; Kornilova et al., 2017). Space adaptation process involves significant changes in the relative contributions of sensory inputs to cognitive and motor planning for the entire body and intersensory interactions in the new sensory environment. Consequently, this leads to significant rewiring of central integrative systems to ensure a new functional level appropriate for the altered environment.
Functional analyses of somatosensory responses have revealed that microgravity significantly influences cortical somatosensory and motor planning activity. Specifically, cortical responses to proprioceptive stimulation, such as leg muscle vibration, were more significant when subjects were planning a step. However, this preparatory activity is suppressed in microgravity conditions (Saradjian et al., 2014), indicating that the altered gravitational environment of space can impact how the brain processes somatosensory information and plans motor actions. Understanding these effects is crucial for developing effective countermeasures to mitigate the challenges astronauts face during space missions.
Significant postflight alterations have been observed in various aspects of perception and motor function, including changes in the perception of position, stabilization of gaze, gait, and balance (Buckey, 2006). Postflight analysis of brain connectivity using functional magnetic resonance imaging (fMRI) has revealed decreases in connectivity in specific brain regions, including the right insula, the ventral posterior cingulate cortex, and the intercortical connectivity of motor areas (Demertzi et al., 2016). Additionally, a decrease in gray matter around the frontal and temporal lobes has been reported in individuals who underwent 70 days of head-down training and astronauts who spent from 2 weeks to 6 months in orbit (Koppelmans et al., 2016). fMRI scanning in a group of 11 cosmonauts before and after completing a long-term mission to the International Space Station between 2014 and 2017 showed a postflight increase in the stimulation-specific connectivity of the right posterior supramarginal gyrus with the rest of the brain, a strengthening of connections between the left and right insulae, decreased connectivity of the vestibular nuclei, right inferior parietal cortex (BA40) and cerebellum with areas associated with motor, visual, vestibular, and proprioception functions, and decreased coupling of the cerebellum with the visual cortex and the right inferior parietal cortex (Pechenkova et al., 2019).
These findings underscore the complex and multifaceted impact of space travel on the human brain and motor system, highlighting the importance of further research in understanding and mitigating the effects of long-duration space missions on astronaut health and performance.
On Earth, individuals with vestibular disorders often experience symptoms that bear resemblance to those found in microgravity environments. Individuals with vestibular disorders commonly exhibit dysfunction related to spatial cognition, particularly at the cognitive level, including alterations in memory, navigation, mental rotation, and space representation (Bigelow and Agrawal, 2015; Smith et al., 2024). These cognitive impairments can significantly impact an individual’s ability to perform daily activities and may lead to difficulties in spatial orientation and movement. Therefore, understanding and managing vestibular disorders is essential to improve the quality of life for affected individuals. Distorted vestibular signals can lead to an erroneous perception of self-motion and body position in space, in a form analogous to errors in patients with vestibular disorders when an internal egocentric-based image is required. Vestibular cognitive dysfunction may also contribute to cognitive decline in other domains, such as arithmetic, object memory, and self-identification (Smith et al., 2024). These findings emphasize the importance of understanding vestibular dysfunction in microgravity.
2 GVS
GVS is a technique that uses modulated electrical currents to evoke neuronal activity in vestibular end-organs without head motion, and it has been explored for various medical applications and space-related activities (Alexandrov et al., 2004). Since the vestibular end organs reside in the temporal bone underneath the mastoid process. To perform the GVS, at least one electrode, the anode or the cathode, must be placed over the mastoid process (behind the ears). Applying electrical currents leads to activation or inhibition of the afferent nerve activity from the vestibular organs (For deep Reviews, see Utz et al., 2010; Lopez and Cullen, 2024) (Figure 1).
[image: Figure 1]FIGURE 1 | Simplified schematic representation of a GVS device. Typical GVS devices comprise a control and potency unit, a signal conditioning unit, and electrodes. The control and potency unit can be carried by the subject or manipulated externally. The output of the device can modulate the stimulating waveform, its frequency, and amplitude, to inject the current into the electrodes. One electrode should always be located on the mastoid process, while the other electrode can be placed in various locations: on the frontoparietal region (either ipsilateral, as shown, or contralateral), on the other mastoid process (transmastoid), or at the nape region.
GVS activates both the otolithic and semicircular canal afferent neurons, producing oculomotor and postural responses resulting from semicircular canal and otolithic signal convergence (Dlugaiczyk et al., 2019). Stimulation of the vestibular afferent nerve with electrical current in the squirrel monkey showed that irregular vestibular afferent neurons were the most sensitive to galvanic current stimulation, leading to the idea that GVS primarily activates irregular afferent neurons (Goldberg et al., 1984). Preliminary evidence showed that GVS modulates transmitter release by hair cells in the frog semicircular canals (Norris et al., 1998). Later work, in the isolated semicircular canals of the frog, using a semi-intact preparation of Xenopus laevis tadpoles, block of the hair cell to afferent neuron synapse significantly reduced the response to current stimuli, indicating that hair cell activation participates in the GVS effects. Notably, low-intensity stimulation mainly recruits hair cells, whereas larger currents directly activate the afferent neurons (Gensberger et al., 2016).
GVS modulates equilibrium and gaze stability in humans, becoming a tool for prosthetic devices to modulate balance. GVS is a form of transcranial current stimulation known to be safe and targets specifically the vestibular system non-invasively (Utz et al., 2010; Antal et al., 2017). In anesthetized male Long–Evans rats, repeated activation of the vestibulosympathetic reflex with ± 2 and ± 3 mA, 0.025 Hz sinusoidal GVS caused incremental changes in blood pressure and heart rate that blocked further generation of vasovagal responses. Thus, repeated low-frequency activation of the vestibulosympathetic reflex resulted in a reduction and loss of susceptibility to vasovagal responses in rats (Cohen et al., 2017). In a double-blind, sham-controlled study in humans resting in a supine position and then tilted up by 70°, it was found that noisy GVS produced non-significant changes in mean arterial blood pressure and heart rate variability (Matsugi et al., 2021). Studies of cardio-circulatory variables in normal subjects of a broad age range, in both standing and seated positions, and with unilateral or transmastoid direct current GVS, produced a marginal transient decrease in heart rate (Pliego et al., 2021). These studies showed that GVS is safe for use in humans. (Pliego et al., 2021). GVS elicits a sensation of displacement and reflex responses, either vestibulo-ocular or vestibulo-spinal. This phenomenon occurs because transmastoid GVS increases the discharge frequency of ipsilateral afferent neurons to the cathode. As a result, there is a compensatory inclination towards the anode side to maintain balance (Fitzpatrick and Day, 2004). Research has demonstrated that GVS can effectively stabilize subjects when their balance and posture are compromised (Scinicariello et al., 2001).
Moreover, changing the head position can modify the balance and orientation responses to GVS. Proper head alignments during locomotion allow the galvanic stimulus to direct the path or disturb balance as needed (St George et al., 2011). Overall, these findings underscore the potential utility of GVS in addressing balance-related challenges and improving postural stability.
The use of GVS has raised attention due to the possibility of developing a device to correct posture and gaze in vestibular dysfunction subjects or extreme conditions such as microgravity or astronaut training (Alexandrov et al., 2004; Moore et al., 2011; Alexandrov et al., 2014; Vega et al., 2016; Sadovnichii et al., 2019; Vega et al., 2023). Previous modeling work shows that GVS can modulate the vestibular afferent neuron dynamics. The vestibular afferent neurons behave as a bistable system, exhibiting a direct transition between a stable focus (no spiking activity) and a cycle (repetitive spiking activity). An amplitude characterized by the positive Hausdorff distance was obtained for a fixed galvanic current. Consequently, a transition occurs from the region of the point attractor to the area of attainability of a cycle (Alexandrov et al., 2021). Our model results also demonstrated that vestibular afferent neurons may have a stochastic resonance, which is relevant in its responses to different stimulus types and the role of random noise in the stimulating signals (Alexandrov et al., 2014).
2.1 GVS and cortical activation
The output of vestibular hair cells drives the dynamics of vestibular afferent neurons, which synapse with second-order vestibular neurons in the vestibular nuclear complex. These second-order neurons then project to the anterior dorsal thalamus and ventral posterior lateral nucleus through two ascending vestibular thalamocortical pathways (Dale and Cullen, 2019). From there, the pathways continue toward the primary sensory cortex (Fredrickson et al., 1966; Ödkvist et al., 1974) and other cortical and subcortical areas (De Waele et al., 2001; Hitier et al., 2014). These projections collectively shape the perception of balance and head position relative to space (Cullen, 2019).
The vestibular cortex encompasses various multisensory zones distributed across several brain regions, including the somatosensory cortex, temporoparietal junction, posterior insula, posterior parietal cortex, frontal medial cortex, and anterior insula (Lopez and Blanke, 2011; Lopez et al., 2012; Hitier et al., 2014). These regions have been characterized as “a set of neural networks located in the cerebral cortex whose neurons activate by some stimulus of vestibular origin” (Aedo Sánchez et al., 2016). Functional imaging studies have unveiled a network of vestibular cortical connectivity, demonstrating extensive interconnectivity between various vestibular cortical areas. This network mainly centers around the parietoinsular vestibular cortex (PIVC) (Smith et al., 2024).
fMRI studies have revealed that during GVS, the oxygenation level-dependent blood flow signal significantly increases in specific brain regions. Specifically, heightened activity is observed in the parietal operculum, central operculum, and opercular part of the inferior frontal gyrus (Mitsutake et al., 2020). Furthermore, using a tissue perfusion tracer during the magnetic resonance imaging (MRI), transcranial anodal direct current stimulation (tDCS) over the C4 (using the 10–20 EEG system) and the reference electrode over the left supra-orbital region leads to a notable increase in regional cerebral blood flow. In contrast, cathodic stimulation induces a comparatively lower increase (Zheng et al., 2011). These findings shed light on the differential effects of GVS on cerebral blood flow across different stimulation conditions, providing valuable insights into the neural mechanisms underlying vestibular stimulation.
Initial studies have yielded promising findings concerning the feasibility of employing functional near-infrared spectroscopy (fNIRS) to evaluate vestibular cortical responses. One study observed bilateral activation in the Superior Temporal Gyrus and Supramarginal Gyrus during dynamic posturography (Karim H. et al., 2013). Additionally, warm caloric irrigation elicited bilateral activation, while cold caloric irrigation resulted in contralateral activation of the temporoparietal zone. Moreover, older subjects exhibited more significant bilateral effects than younger individuals (Karim H. T. et al., 2013). In a study utilizing noisy GVS and recording neuronal metabolic responses by fNIRS, researchers reported a significant response in the amount of hemoglobin (Hb) in the supramarginal area. However, no significant increase was observed in oxygenated hemoglobin (HbO2) levels (Valdés et al., 2021), indicating that noisy GVS may selectively affect certain aspects of cerebral hemodynamics without necessarily altering oxygenation levels in the targeted brain region.
Our research demonstrates that both galvanic vestibular stimulation (GVS) and passive movement induce activity in the temporal and parietal regions. Our findings confirm that GVS activates the bilateral parietal cortex and the ipsilateral temporal cortex relative to the cathode position, mirroring the activation pattern observed during back-and-forth movements (Hernández-Román et al., 2023). These results underscore the potential of functional near-infrared spectroscopy (fNIRS) as a non-invasive technique for examining in spaceflight the cortical responses to movement and to GVS.
2.2 GVS and sleep
A consistent finding in space research is that total sleep duration, rapid eye movement (REM) sleep latency, and REM sleep duration are shorter than those on Earth. The assumption that the absence of gravity plays a role in sleep explains a significant portion of these results. Improving sleep quality is essential for achieving the expected performance of astronauts.
The organization of sleep and wakefulness regulation and control implies the participation of several neural circuits. It has been traditionally known that the rocking motion of babies is a successful strategy to induce sleep in children. Rocking motion by hammocks and rocking chairs facilitates relaxation and sleep. Sleeping in a rocking bed (at 0.25 Hz) reduced sleep onset and increased the stage N2 of sleep and the mean spindle density. Rocking also increased the EEG power of slow wave activity. Authors concluded that “rocking induces a speeded transition to an unambiguous sleep state and may enhance sleep by boosting slow oscillations and spindle activity” (Bayer et al., 2011). More recently, it was found that compared to a stationary night, continuous rocking (at 0.25 Hz) shortened the latency to non-REM (NREM) sleep and strengthened sleep maintenance by increasing the duration of NREM stage 3 (N3) and fewer arousals. Memory consolidation was also enhanced during rocking night, and fast spindles were enhanced (Perrault et al., 2019). However, it should be recognized that in some studies, no significant effect of rocking on sleep quality in normal subjects was found (Omlin et al., 2018). In mice, rhythmic rocking promotes sleep and accelerates sleep onset. Specifically, rocking mice at 1.0 Hz increased time spent in non-REM sleep by shortening wake episodes. In mice of the otoconia-deficient tilted mouse line, which cannot encode linear accelerations, were insensitive to rocking, demonstrating that functional otolithic organs were essential for mediating this effect of mechanical accelerations (Kompotis et al., 2019). These studies demonstrate that, among various physiological processes, vestibular input may influence the sleep-wake state, probably, by informing the brain about the daily quantity of motion (Besnard et al., 2018).
GVS has been investigated for its potential effects on sleep, although research in this area is still relatively limited compared to other applications of vestibular stimulation. There are reports that in humans, GVS promotes sleepiness, which is significant in at least 12% of normal subjects (Zago Mazzocco, 2018; Barranco, 2020). Electrical stimulation of the vestibular nerves seems to shorten sleep onset latency (Krystal et al., 2010). Regular GVS for over 4 weeks (30 min daily, 1 h before rest) resulted in a significant decrease in Insomnia Severity Index (ISI) scores and improved general wellbeing in young adults with insomnia, indicating that GVS may have potential as a non-invasive therapy to improve sleep (Goothy and McKeown, 2021).
The neural interactions between the vestibular system and sleep-wake system have recently been shown to imply a set of GABAergic neurons of the medial vestibular nucleus whose activity has been shown to stabilize wakefulness and to gate the transition from non-REM sleep to REM sleep (Nakatsuka et al., 2024). The neurons have projections to hypothalamic and brainstem sleep-wake regulatory areas such as lateral and posterior hypothalamic areas (LH and PH), mammillary nuclei, interpeduncular nuclei (IPN), ventrolateral PAG (vlPAG), median raphe nucleus (MnR), dorsomedial tegmental area (DMTg), parabrachial area (PB), LDTg, and pons central gray matter (PCG). Notably, it also projections to the medial septal nucleus (MS), which generates the theta rhythm in the EEG. The suppression of LMVN-GABAergic neuron activity increased the NRM sleep at the expense of wakefulness either during darkness or during the light phase of the mice cycle. Interestingly, REM sleep during rest time (light exposure for mice) significantly decreased by suppressing LMVN GABAergic neurons (Nakatsuka et al., 2024).
In clinical studies, poor sleep quality has been linked to vestibular hypofunction. In fact, patients experiencing chronic vertigo for 2 years or more reported significantly poorer global sleep quality, as assessed by the Pittsburgh Sleep Quality Index. Moreover, the association between longer duration of vertigo and poor sleep quality persisted even after multivariate adjustment (Katzenberger et al., 2023). Also, a negative correlation has been reported between sleep quality scores and sensory organization tests that examine vestibular balance function. However, low sleep quality affected both the visual and vestibular systems and the somatosensory system in a lower proportion (Sendesen et al., 2024). The effect of transcranial Alternating Current Stimulation (tACS) targeting the forehead and mastoid areas over a 4-week period was studied in chronic insomnia patients. Patients underwent 20 daily sessions of tACS (duration: 40 min, frequency: 77.5 Hz, and intensity: 15 mA) or sham tACS. The stimulated group significantly improved sleep quality and increased total sleep time. In older subjects, there was additionally a significant insomnia reduction with attenuated depressive and anxiety symptoms post-tACS treatment (Zhu et al., 2024).
Improving sleep quality is essential for achieving astronauts’ expected performance. Studies about the relationship between vestibular activation and sleep lead us to propose that GVS could also be a valuable countermeasure to sleep disorders in long-duration space flights.
2.3 GVS in space exploration
In space research, GVS has been used to create a cognitive simulation of movement for astronauts in flight simulators and potentially during a flight in microgravity (Vega et al., 2020).
GVS has been used as an analog of the sensorimotor effects of microgravity, affecting pilot performance during simulated Shuttle landings; a review of the first 100 Shuttle missions found that touchdown speed was above the specified limits in 20% of landings (Moore et al., 2011). Thence pseudorandom bilateral bipolar GVS was used as an analog of the sensorimotor effects of microgravity during Shuttle landing simulations. It was found that touchdown speed increased significantly during GVS exposure, and unsuccessful landings increased from 2.3% to 9%. It is concluded that GVS was an analog of decrements in postflight Shuttle pilot performance (Moore et al., 2011). GVS was also used to model locomotor and gaze dysfunction observed in astronauts following spaceflight, suggesting that an ambulatory system could be a valuable adjunct to pre-flight astronaut training regimens. GVS has also been used in flight simulators to mimic vestibular spatial disorientation illusions, such as the “post-roll illusion,” which is relevant for pilot training (Houben et al., 2024).
In contrast, integrating GVS with virtual reality (VR) flight training simulators have shown a potential to reduce visual-vestibular sensory conflict, improve flight performance, and reduce simulator sickness. The study demonstrates that coherent and precise synchronization of GVS with the visual stimuli in VR flight training reduces visual-vestibular sensory conflict and improves fidelity and performance (Pradhan et al., 2022). GVS mitigates cybersickness in virtual reality applications by reconciling the sensory mismatch between visually induced impressions of ego-motion and physical rest (Groth et al., 2022), thus enhancing the immersive experience in virtual training environments that could simulate spaceflight conditions. GVS has the potential to counteract spatial disorientation illusions like leans, which can confuse pilots about the position of the aircraft during flight. This illusion could lead to serious adverse effects and even flight accidents. A study of 20 Air Force pilots showed that step-GVS and ramped-GVS yielded lower bank angle errors and subjective spatial disorientation than without GVS (Kim et al., 2023).
Our research group developed a prosthetic device leveraging GVS to countermeasure the effects of a microgravity environment on posture and gaze stabilization. The design of this device relies on inertial sensors, including gyroscopes and accelerometers, which convert acceleration—either linear or angular—into voltage variations (Vega et al., 2020; Vega et al., 2023). The output from these sensors, specifically the acceleration-voltage relationship, can be translated into current pulses or steady state current, whose frequency or amplitude is mathematically related to the input. The output frequency oscillates within a range aligned with the natural burst frequency observed in afferent neurons of the vestibular system. Additionally, an offset voltage variation can determine the proportion of the accelerometer signal that the frequency-modulated output signal will accurately represent. This approach facilitates the translation of inertial sensor data into GVS signals, enabling posture and gaze stabilization in microgravity environments.
This type of stimulation aims to generate augmented reality for pilots during training or in-flight operations, which could be particularly useful in environments where vestibular cues are altered, such as in microgravity (Vega et al., 2020). The GVS stimulation should be coherent with the subject motion. Therefore, sensors should have an exquisite sensitivity to operate in microgravity. In this regard, experiments in mission Tatyana-2 tested the quality of micro gyroscopes functioning in space, and readings obtained from them compared with those obtained from precision angular velocity sensors, which are a part of the standard satellite positioning system (Aleksandrov et al., 2011; Sadovnichii et al., 2011). Also, in the Satellite MVS-330, mission IMISS showed that micro accelerometers allow for the detection of small linear accelerations consistently, and functional characteristics of the microdevices during the operation in space were comparable to their values on Earth (Sadovnichii et al., 2018). Results from these experiments confirm the possibility of using micro accelerometers and micro gyroscopes to sense the head motion of astronauts.
The device has demonstrated its capability to modulate vestibular responses, leading to its potential application in auxiliary devices for vestibular pathological hypofunction (Soto et al., 2014; Vega et al., 2016) or extreme conditions such as flight and microgravity (Alexandrov et al., 2014; Sadovnichii et al., 2019; Vega et al., 2023). Notably, the device has improved gaze fixation in volunteer subjects when applied alongside dynamic flight simulations. Eye tracking analysis revealed that GVS effectively modulates the vestibulo-ocular reflex, thereby reducing the displacement of the eyes from a target during platform movement (Vega et al., 2020). Gaze deviation with respect to the horizon (0°) was right-GVS < control and left-GVS < control, showing that the GVS application stabilizes the gaze on the target.
To address the challenges of microgravity adaptation during space missions, we envisioned two GVS protocols: In the first protocol, GVS is preprogrammed to be applied for 20–30 min daily before crew members go to rest. The amplitude of the stimulating current is maintained at a constant level of 1 mA, initiated by a 60-s ramp-up and terminated by a 60-s ramp-down. This protocol aims to improve sleep quality and to provide a vestibular cortical input. In the second protocol, the current injection characteristics are based on head movements in response to the output of the sensor (triaxial micro accelerometers and micro gyroscopes), modulating the output current above or below 1 mA. This protocol is intended to be used in extravehicular operations and in circumstances in which the highest level of performance is required. The preprogrammed protocol provides consistent and scheduled GVS sessions, while the sensor-based protocol offers adaptive stimulation tailored to crew members’ movements and environmental conditions. Implementing these protocols could contribute to enhancing crew members’ adaptability, performance, and wellbeing during space missions (Figure 2).
[image: Figure 2]FIGURE 2 | Scheme of the functional elements of the device. In protocol 1 mode of operation, the waveform and intensity of the GVS are preprogrammed and injected into the electrodes without any further processing. In protocol 2 mode of operation, the sensors (3D gyroscope and 3D accelerometer) are active. Their output is processed according to a transfer function based on a mathematical model of the human vestibular system, and the signal output is modulated accordingly. On the right is a schematic depiction of the electrodes and sensors located in the helmet and on the mastoid processes of an astronaut.
3 DISCUSSION
GVS is a neuromodulation technique that has drawn attention for its potential applications in aerospace medicine, particularly in managing spatial orientation and motion perception during space flight. In the microgravity environment of space, astronauts experience vestibular disorientation due to the lack of gravitational cues normally present on Earth. This disorientation can lead to space motion sickness, impaired locomotion, and difficulties in spatial orientation and manual control tasks. GVS is being explored as a tool to artificially provide these missing gravitational cues by stimulating the vestibular system, potentially helping astronauts to adapt to the unique conditions of space flight. GVS may be an effective countermeasure for sensorimotor and neurovestibular disturbances, encompassing an effect that may contribute to countering the cortical changes observed in astronauts and also to improve the sleep quality of the subjects in space.
The finding that GVS activates cortical regions like movement, as demonstrated by Hernández-Román et al. (2023), is intriguing. Building upon these results, we propose that GVS, modulated by motion or preprogrammed, could serve as a potential countermeasure to stabilize the subject position and enhance gaze stability in microgravity. Additionally, GVS may mitigate cognitive dysfunction resulting from vestibular input alterations and potentially contribute to preventing cortical alterations induced by microgravity. It may also contribute significantly to improving the sleep quality of astronauts during space flight. By leveraging the capability of GVS to activate cortical regions, it could be integrated into space missions as a non-invasive intervention to help adapt to the challenges of the space environment. Further research is warranted to explore the feasibility and efficacy of GVS as a countermeasure in spaceflight settings.
Artificial gravity is another option to counter the weightlessness-induced effects on the human body (Clément et el., 2015). However, methods to induce artificial gravity are based on the rotation of a segment or whole of a spacecraft, with complex effects on sensed accelerations outside the exact plane of rotation. Long-duration head-down tilt bedrest (HDT) has been used as a spaceflight analog to model physiological changes that occur in microgravity (Tays et al., 2024). This procedure removes the somatosensory inputs to the foot sole, and vestibular cues are up weighted or relied upon more heavily (Mulavara et al., 2018; Hupfeld et al., 2022). The use of artificial gravity (1 G) applied along the long axis of the body via centrifugation during an experiment of 60 days of HDT shows that artificial gravity may serve as an effective countermeasure for balance and mobility deficit caused by HDT. Furthermore, during centrifugation, subjects could outperform cognitive tasks compared to those resting in bed (Tays et al., 2024). However, use of artificial gravity devices in space implies a significant investment of resources as compared to the use of GVS.
Previous work analyzing the effect of GVS addition on pilots’ virtual reality training has shown that GVS, coherent with visually simulated movement, significantly reduced motion sickness frequently produced by using the virtual reality system. It was shown that placing GVS electrodes in various locations induces a preferential sensation of roll, pitch, or yaw (Cevette et al., 2012).
It is worth noting that most of the research performed about GVS potentiality for use its use in spaceflight research has been done on Earth and in normal subjects. The balance and cognitive functions of astronauts, during and after the spaceflight, are similar to those of subjects with bilateral vestibulopathy (Clément et al., 2023). Furthermore, there is evidence that GVS can induce beneficial neural plasticity in the central pathways of patients with vestibular loss (Lopez and Cullen, 2024). Consequently, most probably, studies intended to demonstrate the effect of GVS on physiological variables in normal subjects and in normal gravity are not transposable to effects expected in astronauts; it may be something like using auditory devices in normal hearing subjects.
It cannot be discarded that GVS is producing its effect through cognitive responses. It should also be taken into consideration that effects due to transcranial stimulation will also affect cortical activity inducing cognitive responses, and by a placebo-like effect of GVS setup (Dilda et al., 2012), these actions cannot be discarded and would be considered a confounding factor.
A negative aspect of GVS devices intended for use in space is their relative lack of specificity, which could be partially solved using complex stimulation patterns and a set of electrodes to focus transcranial current stimulation (Pixa et al., 2017). Further experiments will contribute to clarifying the effects of other stimulation waveforms, such as noisy and sinusoidal stimulating currents, and their influence on both reflex and voluntary eye movements.
There are some potential limitations of GVS for space applications: it has been shown to adversely affect the performance of astronaut pilots during simulated Shuttle landings, leading to increased unsuccessful and hard landings (Moore et al., 2011). However, these studies were carried out in a flight simulator and normal subjects. The effectiveness of GVS can vary between individuals, which may limit its utility as a one-size-fits-all solution for training or counteracting spatial disorientation (Utz et al., 2010); this will imply tailoring GVS for each subject. While GVS is generally considered safe, there is always a concern for potential adverse effects, especially with long-term or intense use (Utz et al., 2010). GVS can induce sensorimotor impairment, which may impact the subject ability to perform critical tasks during transitions between gravity environments (Allred et al., 2024). Implementing GVS in a space environment may present technical challenges, such as ensuring the reliability and safety of the equipment under conditions of microgravity and radiation exposure. Finally, we must acknowledge that there is limited research on the long-term effects of GVS on subjects in spaceflight, which is necessary to understand its implications for space missions fully (Nguyen et al., 2021).
However, we envision a future where the astronauts’ helmets are equipped with micro gyroscopes and micro accelerometers, among other sensors, and are capable of applying GVS to stabilize the gaze and posture and contribute to astronauts’ orientation to counteract the effects of microgravity. Additionally, a non-helmet system may be used daily as an effective countermeasure against cortical alterations and to improve the sleep and wellbeing of crew members.
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