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In the early 1970s, nine astronauts participated in missions to the Skylab space station. During two preflight testing sessions at the Naval Aerospace Medical Research Laboratory in Pensacola, the amplitudes of their ocular counter-rolling (OCR) during body tilts were assessed to determine if their vestibular functions were within normal ranges. We recently re-evaluated this data to determine asymmetry of each astronaut’s OCR response and their OCR slope from sigmoid fits during static leftward and rightward body tilts, which we then compared with their Coriolis sickness susceptibility index (CSSI) on the ground, their motion sickness symptom scores during 0 g maneuvers in parabolic flight, and the severity of the symptoms of space motion sickness (SMS) they reported during their spaceflights. We arranged the astronauts in rank order for SMS severity based on the SMS symptoms they reported during spaceflight and the amount of anti-motion sickness medication they used. As previously reported, the OCR amplitudes of these astronauts were within the normal range. We determined that the OCR amplitudes were not correlated with SMS severity ranking, CSSI, or motion sickness symptoms experienced during parabolic flight. Indices of asymmetry in the OCR reflex were generally small and poorly correlated with SMS scores; however, the only subject with a high index of asymmetry also ranked highly for SMS. Although OCR slope, CSSI, and motion sickness symptoms induced during parabolic flight were each only moderately correlated with SMS severity ranking (rho = 0.41–0.44), a combined index that included all three parameters with equal weighting was significantly correlated with SMS severity ranking (rho = 0.71, p = 0.015). These results demonstrate the challenge of predicting an individual’s susceptibility to SMS by measuring a single test parameter in a terrestrial environment and from a limited sample size.
Keywords: space motion sickness, ocular counter-rolling, Coriolis sickness, parabolic flight, asymmetry

INTRODUCTION
May 2023 marked the 50th anniversary of the first crewed Skylab mission (Skylab-2), which lasted 28 days (from 25 May 1973, to 22 June 1973). The second Skylab mission (Skylab-3) lasted 56 days (from 28 July 1973, to 25 September 1973), and the third (Skylab-4) lasted 84 days (from 16 November 1973, to 8 February 1974). Nine astronauts participated in these missions, three per mission. Medical experiments were performed on these Skylab astronauts before, during, and after their missions to assess physiological responses of exposure to weightlessness, whereas crewmembers of the previous Apollo and Gemini mission were assessed only before and after their missions (Johnston, 1977).
Dr. Ashton Graybiel and his colleagues from the Naval Aerospace Medical Research Laboratory (NAMRL) in Pensacola, FL conducted an extensive investigation of each Skylab astronaut’s vestibular system. In the so-called Experiment M-131–Human Vestibular Function, a rotating chair was used to study their vestibular function and their susceptibility to motion sickness on board Skylab (Miller and Graybiel, 1973; Graybiel et al., 1977; Lackner and DiZio, 2006). The preflight tests included a measure of ocular counter-rolling (OCR) during static body tilt to the right and the left to assess the sensitivity of the otolith organs’ response to linear acceleration (Diamond and Markham, 1989). The Coriolis sickness susceptibility index (CSSI) test was also performed before flight. CSSI is calculated from the number of head movements in four cardinal directions the astronauts were able to complete while they were rotating in a chair at increasing velocity until they developed motion sickness (Miller and Graybiel, 1974). Each crewmember also reported motion sickness symptoms they experienced during 0 g parabolic maneuvers and reported the symptoms and the anti-motion sickness medications they took during different phases of the Skylab missions (Graybiel et al., 1975; Graybiel et al., 1977). Our retrospective analysis used the original OCR data set, which was recently identified in the archives of Drs. Jerry Homick and Millard Reschke at the NASA Johnson Space Center.
Structural differences in the right and left otolith organs can lead to slightly different sensitivities to vestibular sensing. Normal, healthy individuals in a 1 g gravitational environment use central processes to compensate for this naturally occurring peripheral vestibular asymmetry. Some authors have suggested that bilateral asymmetry in OCR is associated with susceptibility to motion sickness (Von Baumgarten and Thumler, 1979; Lackner et al., 1987; Markham and Diamond, 1993; Nooij et al., 2011; Sugawara et al., 2021). A recent study using inner ear magnetic resonance imaging determined that individuals who were highly susceptibility to motion sickness had larger morphological asymmetry of the bilateral vestibular organs (Harada et al., 2021).
Lackner et al. (1987) examined asymmetric otolith function in healthy subjects using the same device that was used in the Skylab studies (Figure 1) to determine if OCR asymmetry is associated with increased susceptibility to motion sickness during exposure to various levels of gravito-inertial acceleration. The average indices of OCR asymmetry in the highly susceptible group (42 of 71 subjects) were approximately twice that of the low and the moderate susceptible groups. Although the indices of OCR asymmetry did not predict susceptibility in all cases, this study suggested that otolith asymmetries for some individuals, which manifest as OCR during static roll tilt testing in 1g, may be associated with susceptibility to motion sickness in altered gravito-inertial environments. Therefore, we conducted this retrospective analysis to determine whether correlations existed between the Skylab astronauts’ preflight OCR asymmetry during leftward and rightwards body tilts and the severity of their space motion sickness (SMS) symptoms during flight. A secondary objective was to examine how the new OCR parameters derived from a sigmoidal fit to the OCR data relate to other preflight susceptibility tests described above (CSSI and motion sickness symptoms during parabolic flight), and how these parameters relate to the SMS severity.
[image: Illustration of a person in a harnessed body sled, inclined at an angle on a test apparatus. Labels mark parts of the setup: hand-hold and paddings, bite-board, visor with visors, body strap, shoulder harness, foot-rest, padding, and head-rest with padding.]FIGURE 1 | Diagram showing the counter-rolling test device at the Naval Aerospace Medical Research Laboratory in Pensacola, FL. The subjects were tilted up to 64 deg to the side around an axis that was aligned with their right or left eye. A camera placed on a platform in front of the subject’s face took photographs of the eye for offline measurements of ocular counter-rolling. Credit: Olga Kuldavletova [adapted from Miller and Graybiel (1972)].
METHODS
Participants
The nine Skylab astronauts were all male, aged 41.3 ± 2.0 years (mean ± SD), who were selected through extensive screening procedures (Santy, 1994). Seven of the astronauts flew for the first time on their Skylab mission, two astronauts had participated in a previous Apollo mission that included a Moon landing, and one of these two astronauts had also participated in a Gemini mission. Individual characteristics of the nine Skylab astronauts were reported in Johnson and Dietlein (1977).
All the Skylab astronauts elected to participate in Experiment M-131—Human Vestibular Function. This experiment was performed, like all the other medical experiments on board Skylab, in accordance with the ethical standards established by the 1964 Declaration of Helsinki. All subjects provided written, informed consent before participating in the study (Johnston, 1977).
Experimental protocol
The aim of the Skylab M-131 experiment was to measure vestibular responses in astronauts while they were weightless during orbital flight and to compare these responses to measurements taken before and after flight. The parts of the M-131 experiment that related to susceptibility to motion sickness included a) evaluating the astronaut’s susceptibility to a variety of motion sickness stressors, including maneuvers during 0 g in parabolic flight and Coriolis, cross-coupled angular accelerations during pitch and roll head movements while being rotated about an Earth-vertical axis; b) measuring the amplitude of OCR during static body tilt in roll relative to gravity; and c) grading the severity of SMS using diagnostic criteria (Miller and Graybiel, 1973; Graybiel et al., 1977).
Preflight functional tests of the astronauts' vestibular organs using caloric nystagmus and head rotation stimuli revealed no abnormalities. A postural equilibrium test that required the astronauts to maintain postural equilibrium on narrow metal rails with their eyes open or closed indicated that their responses were within the normal range (Homick and Reschke, 1977). Other than the activities indicated above, none of the Skylab astronauts underwent a specific vestibular training or vestibular desensitization program.
During tests to grade the astronauts’ susceptibility to motion sickness on Earth, the astronauts sat in a chair that rotated at angular velocities up to 30 rpm and were asked to execute 90-deg head movements (front, back, left, and right). The CSSI was then determined for each subject by multiplying an E-factor related to the rotation velocity and the number of head movements required to provoke a severe malaise (Miller and Graybiel, 1970). CSSI scores above 15 are generally considered to be in the low susceptibility range (Miller and Graybiel, 1974). The severity of motion sickness symptoms during 0 g parabolic maneuvers were also reported (Graybiel et al., 1977). Symptoms category included nausea, epigastric discomfort, skin color, cold sweating, increased salivation, drowsiness, and headache (Graybiel et al., 1968).
OCR was evaluated at the NAMRL from August 1972 to April 1973. Subjects assumed a semi-standing position in the counter-rolling test device, with their weight distributed between a saddle-type seat arrangement and an adjustable foot-rest platform (Figure 1). Their heads were maintained in place using a locked headrest and bite-board assembly. A camera recording system was placed on a platform in front of their face. The subjects were shifted sideways until the center of the pupil of their right or left eye was aligned with the optic axis of the camera and the rotation axis of the test device. Subjects were tilted 17.5, 25, 39, 50, and 64 deg from upright, alternately to the right and to the left (Miller, 1962). No OCR measurements were performed post-flight.
Four trials were performed during two sessions. During the first session, either the right or the left eye was recorded during body tilt to the right and to the left. The other eye was tested the following day. An example of the datasheet used during one session is shown in Figure 2. Three photographs of the eye were taken at each body tilt angle for subsequent analysis of eye position based on natural iris landmarks. The recorded positions of the eye roll during the initial and the terminal upright body positions were used as the baseline (zero) position to which all other OCR measurements were related (Miller, 1962). Because the OCR of the right and the left eye were assessed on separate days, it was not possible to measure ocular torsional disconjugacy, which appears to be associated with a history of SMS (Markham and Diamond, 1993).
[image: Confidential test data document showing numerical entries in a tabular format on yellow paper. The left page lists numbers with headings, and the right page displays calculations and additional annotations. Handwritten notes and columns are visible across both pages.]FIGURE 2 | Example of worksheet used during collection of the ocular counter-rolling test data at the Naval Aerospace Medical Research Laboratory. The name and date of birth of the astronaut-subject have been masked.
OCR index was previously calculated by Graybiel et al. (1977) as half the maximum eye roll amplitude when tilted right and left. However, this measure does not account for the variations in OCR amplitude across various roll tilt angles nor the sensitivity of the reflex to tilts near the upright orientation. Using the original OCR data collected at the NAMRL, we calculated OCR parameters in each astronaut. Data obtained from trials of each eye at all angles of roll tilt were combined and fit with a sigmoid function in MATLAB (version R2022b, The MathWorks, Inc.) using three free parameters: maximum OCR during rightward tilt, maximum OCR during leftward tilt, and slope at the zero crossing (i.e., OCR slope, see sample in Figure 3). Similar to the method used by Lackner et al. (1987), the otolith asymmetry ratio was then computed by taking the ratio of the larger to the smaller ocular counter-rolling responses for left tilts and right tilts, subtracting 1, and then multiplying by 100.
[image: Scatter plot showing a relationship between roll tilt in degrees on the x-axis and OCR (ocular counter-roll) in degrees on the y-axis. Data points are marked in red and blue, with a green curve indicating a trend. There is a downward slope as roll tilt increases.]FIGURE 3 | Amplitude of ocular counter-rolling (OCR) of a typical Skylab astronaut during actual body tilts to the right and to the left. Body tilt to the right (positive values) generated a counterrotation of the eye to the left (negative values). Multiple measurements of OCR were taken for each eye at each body tilt position. Red symbols: measures of OCR of the right eye; blue symbols: measures of OCR of the left eye. Source: Naval Aerospace Medical Research Laboratory, Pensacola, FL. The sigmoidal curve fit (green line) using all OCR values was based on a three-parameter model to obtain leftward and rightward OCR and the slope around the upright orientation (Roll Tilt = 0°).
The occurrence and frequency of SMS the Skylab astronauts experienced and their use of medication to counter the symptoms of SMS have been previously reported (Graybiel et al., 1975; 1977). Studies have commonly reported high degrees of inter-subject variability in SMS (Davis et al., 1988; Reschke et al., 2017). To examine how the preflight motion sickness susceptibility and OCR indices related to SMS data in this limited sample set, we rank ordered the astronauts according to SMS susceptibility based on the sum of symptom points reported by Graybiel et al. (1977) across mission phases (before docking, after docking, and during flight days 1–3). If astronauts had the same number of symptom points, the number of SMS medications they took were used to assign the ranking. Relationships between the various parameters were analyzed using non-parameter Spearman rank correlation (SPSS Statistics, v29, IBM Corp.).
RESULTS
The nine Skylab astronauts’ preflight CSSI, OCR indices, and symptom scores during 0 g parabolic flight have been previously published by Graybiel et al. (1977) and are shown in Table 1. Six of the astronauts had CSSI scores that indicated low susceptibility: five had scores in the top 80% of normal responses, and one (Subject H) had scores in the top 90% (Miller and Graybiel, 1974). Symptoms reported during 0 g maneuvers in parabolic flight ranged between 2 and 16, again most of this cohort were in the low susceptibility range.
TABLE 1 | Values for Coriolis sickness susceptibility index (CSSI), motion sickness symptoms during 0 g maneuvers in parabolic flight, ocular counter-rolling (OCR) index, OCR asymmetry, OCR slope and space motion sickness (SMS) for the 9 Skylab astronauts (A-I).
[image: Table comparing various physiological and medication data for astronauts during Skylab missions. Columns represent different Skylab modules (Skylab-2, Skylab-3, Skylab-4) labeled A to I. Rows detail measurements like Cumulative Space Sickness Index (CSSI), Parabolic 0 g symptoms, OCR Index, and Slope, along with SMS Symptoms and Medication for Pre- and Post-dock periods and on specific Flight Days (FD1 to FD3). Values reflect degrees, number of symptoms, and medication counts. SMS Rank summarizes severity. Shaded cells indicate original data from Graybiel et al. (1977).]As previously reported (Graybiel et al., 1975; Graybiel et al., 1977), none of the Skylab-2 crewmembers experienced SMS. Astronaut E of the Skylab-3 crew experienced motion sickness within an hour of transition into orbit (before and after docking). All three Skylab-3 astronauts experienced motion sickness during the first 3 days of spaceflight. These astronauts obtained relief by avoiding head and body movements and by a using a combination of Scopolamine (0.35 mg) and Dexedrine (5.0 mg). All three astronauts of the Slylab-4 crew took prophylactic medication before entering the Skylab station and continued to do so on flight days 2 and 3. This medication included a combination of Scopolamine (0.35 mg) and Dexedrine (5.0 mg) or a combination of Promethazine (25 mg) and Ephedrine (50 mg). Astronaut I did not get sick while on board, whereas the other two Skylab-4 astronauts got moderately sick during the first 3 days of spaceflight (Table 1). On and after the sixth day of spaceflight none of all nine astronauts experienced SMS, including when moving their head while on the Skylab rotating chair that generated Coriolis, cross-coupled angular accelerations (Graybiel et al., 1977).
The amplitudes of the OCR in the nine Skylab astronauts were clearly related to the angle of head tilt (i.e., the magnitude of the acceleration vector in the plane of the utricles) and the amplitude of the eye torsional movement. The amplitude of this otolith-mediated eye movement was approximately 10% of the maximum head tilt (Figure 3). Previous tests conducted in 550 normal subjects reported a mean OCR index of 5.73 deg (Graybiel, 1970). Six of the Skylab astronauts (A, C, E, F, H, I) had OCR index values that were lower than normal. However, five of the Skylab astronauts (C, D, E, G, H) had higher OCR amplitudes when tilted to the right, whereas four of the Skylab astronauts (A, B, F, I) had higher OCR amplitudes when tilted to the left (Figure 3; Table 1).
The new OCR parameters from the sigmoidal fits include the amplitude in each direction and its slope around the upright orientation. The average amplitude from the sigmoidal fits were significantly correlated with the OCR index previously reported by Graybiel et al. (1977) (rho = 0.945, p < 0.001). Therefore, we only included the original OCR index in this analysis. As described above, the OCR amplitudes in the left and the right eye from the sigmoidal fits were used to calculate OCR asymmetry using the same convention used by Lackner et al. (1987). Interestingly, OCR asymmetry was negatively correlated with OCR slope from the sigmoidal fits (rho = −0.77, p = 0.008). The OCR asymmetry measures were small and not significantly correlated with any of the measures of motion sickness susceptibility. Eight of the 9 astronauts had OCR asymmetries ≤25, consistent with the low susceptibility groups reported by Lackner et al. (1987). The only Skylab astronaut with an OCR asymmetry consistent with the high susceptibility group also had a high SMS rank (8 of 9). The OCR slope from the sigmoidal fit was moderately correlated with SMS ranking (Figure 4A, rho = 0.41, p = 0.14).
[image: Four scatter plots labeled A, B, C, and D display relationships between SMS Rank and various variables: OCR Slope, Parabolic 0g Symptoms, CSSI, and MS Index, respectively. Each plot shows a trend line with scattered data points.]FIGURE 4 | Relationships between ocular counter-rolling (OCR) slope (A) motion sickness symptoms during parabolic flight (B), Coriolis sickness susceptibility index (CSSI) (C), and composite motion sickness (MS) index (D) with Space Motion Sickness (SMS) ranking for the nine Skylab astronauts. The parabolic and CSSI scores were obtained from Graybiel et al. (1977). Spearman’s rho was between 0.41 and 0.44 across the three separate measures (A–C) and 0.71 (p = 0.015) for the composite MS index (D).
The correlations between SMS ranking and motion sickness symptoms during 0 g in parabolic flight or CSSI were also moderate but non-significant (Figures 4B, C; Table 2). Given the OCR slope, motion sickness symptoms during 0 g parabolic flight, and CSSI scores were moderately but not significantly correlated with SMS rank, each of these variables were then transformed using a two-step approach described by Templeton (2011). This process involved 1) fractional ranking of each variable, and 2) transformation using an inverse distribution function with a normalized mean and standard deviation so that the three parameters (OCR slope, CSSI, and motion sickness symptoms during parabolic flight) could be averaged to compute a composite motion sickness index. The resulting motion sickness index, which comprises the contributions of all three variables, significantly correlated with SMS ranking (Figure 4D; Table 2, rho = 0.72, p = 0.015).
TABLE 2 | Results of the non-parametric correlation analysis (* indicates p < 0.05).
[image: Correlational matrix table showing relationships among variables: OCR index, OCR asymmetry, OCR slope, CISS, Parabolic, and SMS rank. Values are presented as rho and sig (one-tail). Notable figures include OCR slope with OCR asymmetry at rho -0.77 and OCR index with MS index at rho 0.71, both marked with an asterisk. Lighter areas are cross-referenced with Figure 4. Abbreviations mentioned are OCR (ocular counter-rolling), asym (asymmetry), CISS (Coriolis sickness susceptibility index), SMS (space motion sickness), and Parabolic refers to motion sickness symptoms during zero-g maneuvers.]DISCUSSION
This reanalysis of the Skylab data allowed us to investigate relationships between OCR parameters measured during static roll tilt and other preflight susceptibility tests and the Skylab astronauts’ SMS ranking. Given the limitations of the small sample size, caution should be exercised when interpreting these results. However, the inability to identify a significant association between SMS susceptibility and a single measure obtained in a terrestrial environment is consistent with the results of previous studies of larger cohorts (Reschke, 1990). As Lackner et al. (1987) pointed out, otolith asymmetry reflected by the static roll tilt may contribute to SMS but is likely not the only cause of SMS. A significant relationship to SMS ranking was only found after combining the OCR slope, CSSI scores, and motion sickness symptoms induced by parabolic flight, which presumably represent a multitude of contributing factors.
It is important to point out that an association between SMS and otolith asymmetry cannot be ruled out completely because underlying otolith asymmetry that is centrally compensated for in terrestrial conditions (Von Baumgarten and Thumler, 1979) might not be detected during static roll tilt in 1 g. Markham and Diamond (1993) reported that ocular torsional disconjugacy was related to motion sickness susceptibility, but only during exposure to altered gravito-inertial states during parabolic flight. Subjects who experienced motion sickness after altered g-exposure from sustained centrifugation on Earth, i.e., after a transition from 3 g to 1g, were more likely to experience SMS (Nooij et al., 2007). However, the authors noted that subjects who are susceptible to motion sickness during centrifugation had only a marginally higher degree of OCR asymmetry than subjects who were not susceptible (Nooij et al., 2011). Consistent with our composite motion sickness index, a combination of utricular and semicircular canal parameters better predicted the subjects who are susceptible motion sickness during centrifugation.
OCR is considered to reflect mainly utricular responses to interaural acceleration accompanied with lateral head tilt (Clarke et al., 2003; Otero-Milan et al., 2017). One limitation of the OCR test during body tilt is that it is a bilateral otolith stimulation, i.e., the gravitational acceleration stimulus is equivalent for both the right and left otolith organs. At present the best practical approaches for testing unilateral otolith function are measuring OCR during unilateral centrifugation (Clarke et al., 2003; Wuyts et al., 2003), assessing ocular vestibular evoked myogenic potentials (VEMP) to test utricular function, and measuring cervical VEMP as an indicator of saccule function (Manzari et al., 2012).
Evidence indicates that OCR during static body tilt or lateral centrifugation decreases after spaceflight, particularly after long-duration space missions (Hallgren et al., 2016; Reschke et al., 2018; Schoenmaeker et al., 2022). Six of the Skylab astronauts’ preflight OCR amplitudes were lower than of the normal population. The low OCR amplitudes and OCR asymmetry values limited our ability to find and an association between the M-131 data and the SMS ranking.
If central asymmetry in otolith function is unmasked by exposure to weightlessness, then asymmetry may be detected after flight. Clarke and Schonfeld (2015) showed that OCR asymmetry, subjective visual vertical during unilateral centrifugation, and cervical VEMP (which reflects saccular function) increased after spaceflight relative to preflight baseline values and returned to baseline levels within 10 days. On landing day, the response from one vestibular labyrinth was equivalent to preflight values, whereas the other labyrinth had considerable discrepancy. Unfortunately, the OCR test during body tilt used in the Skylab M-131 experiment cannot discriminate such asymmetry between the vestibular organs.
Although Lackner et al. (1987) cautioned that OCR asymmetry was insufficient to predict an individual’s susceptibility to motion sickness during parabolic flight, they demonstrated group mean differences in OCR asymmetries could predict motion sickness. Previous attempts to predict an individual’s SMS from their preflight susceptibility to motion sickness have also been elusive, although group differences suggest some relationships. For example, Homick et al. (1987) found that 67% of SMS susceptible crewmembers had CSSI scores below the mean (i.e., were more susceptible to CSSI) whereas only 40% of non-susceptible crewmembers were below the mean. The authors concluded that a single ground-based test parameter or procedure was inadequate to predict SMS susceptibility and recommended the use of a composite or weighted score. The association between SMS ranking and our Spearman correlation rho values for OCR slope, CSSI, or motion sickness symptoms during parabolic flight were greater than 0.4 but were non-significant. However, the composite motion sickness index that averaged the three parameters did result in a significant association to SMS rank in this limited sample set.
OCR is an important measure of otolith utricular function. It is possible, however, that asymmetry in saccular responses is more closely associated with motion sickness susceptibility than is asymmetry in utricular responses. After assessing both ocular VEMP (which reflects utricular function) and cervical VEMP (which reflects saccular function), Singh et al. (2014) reported that individual susceptibility to motion sickness is associated not only with asymmetry of utricular functional but also with asymmetry of saccular functional.
Because OCR gain is very low, it is inadequate to compensate for head tilt. By contrast the modulation of neck, trunk, and muscle musculature by the otolith-spinal pathways is very important for postural control. Lackner and Dizio (2006) suggested that individuals could centrally compensate for asymmetric OCR using these otolith-spinal pathways. Central compensatory effects could also occur in individuals with unbalanced peripheral inputs from the otolith organs, which could be due to differences in otoconial mass between the paired otolith organs.
Given that a combination of many motion types can cause motion sickness in real-life situations, predicting susceptibility to motion sickness from laboratory experiments has some limitations. SMS remains a persistent problem during spaceflight missions, both when astronauts enter the weightless environment and when they return to Earth after long-duration missions. The Skylab M-131 experiment clearly showed that astronauts were no longer susceptible to motion sickness when exposed to Coriolis, cross-coupling stimulation on or after the sixth day of their spaceflight. On return to Earth, they were less susceptible to this type of stimulation than they were before flight and remained so for several weeks (Lackner and Dizio, 2006). Therefore, further research is needed to better understand motion sickness susceptibility and vestibular adaptation.
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INTRODUCTION
Cardiac mechano-electrical feedback is the effect of cardiac muscle contraction on its electrical activity (Quinn et al., 2014). Mechano-electrical feedback is a contour of regulation of cardiac muscle function. Mechanical heterogeneity or mechanical ventricular dyssynchrony of the heart is accompanied by electrical remodeling and an increase in myocardial electrical heterogeneity (Kamkin and Iu, 2012; Jeyaraj et al., 2007). The magnitude of mechanical load on cardiac muscle significantly affects not only the nature of mechanical activity of cardiomyocytes, but also their electrical activity. The risk of heart rhythm disturbances development as a reflection of total processes of myocardial electrical excitation desynchronization in practically healthy subjects from the group of special contingent (cosmonauts, volunteer testers) makes the study of blood proteomic composition peculiarities relevant to regulation of myocardial repolarization and depolarization processes. The common prevalence of atrial fibrillation in active astronauts is ≈5%, similar to the general population but at a younger age. Risk factors for atrial fibrillation are left atrial enlargement, increased number of premature atrial complexes, and certain electrocardiogram parameters: P waveform duration, RMS voltage at the last 20 ms of the P waveform with signal averaging, and P waveform amplitud.
According to Khine H.W. et al. in thirty astronauts who flew in space missions of 6 months’ duration, transient changes in the structure of the left atrium and changes in atrial electrophysiology, which increase the risk of atrial fibrillation, were detected. However, no definite signs of increased supraventricular arrhythmias and no detectable episodes of AF were found (Khine et al., 2018).
It is known that subjects in the state of dry immersion (DI) register the same reactions as astronauts in the first week on the ISS (Tomilovskaya et al., 2018). DI contributes to the development of rapid gravitational deconditioning of the somatosensory, cardiovascular, and other systems (Navasiolava et al., 2011; Tomilovskaya et al., 2021).
It has been noted that 7-day DI causes changes in autonomic regulation and changes in myocardial state, which are manifested in the growth of sympathetic regulation activity, decrease in the functional reserve of regulatory systems, decrease in systolic blood pressure and deterioration of myocardial electrophysiological characteristics. All these shifts are signs of adaptive restructuring of regulatory mechanisms, which leads, among other things, to a decrease in orthostatic stability (Larina et al., 2011).
In the experiment with 21-day DI it was shown that model conditions sharply changed hemodynamic and baroreflex response both at rest and during special tests (Borovik et al., 2020).
However, studies of blood proteome dynamics reflecting myocardial electrical excitation using the DI model in women have never been performed. Taking into account that excitation processes are regulated by anatomically localized structures in the atrial walls and other (see anatomy) structures, we believe that changes in distensibility on the one hand, and in electrolyte balance on the other hand, are reflected in the proteomic composition.
Therefore, the aim of the work was to search for the relationship between proteome changes and some indices of myocardial electrical excitation under conditions of 3-day DI.
MATERIALS AND METHODS
The experiment with female DI (NAJADA-2020) was conducted at the Institute of Biomedical Problems of the Russian Academy of Sciences from September 7 to 30 November 2020. Six healthy women (age 30.17 ± 5.5 years) participated in the experiment. Each participant had two menstrual cycles (MC) during the study period, including the pre-immersion period and the post-experiment follow-up period. The mean duration of MC was 28.4 ± 2.8 days. In order to unify the influence of hormonal status on the investigated clinical-instrumental and laboratory parameters, the start of baseline studies was timed to the first day of the second cycle. The start of immersion in all participants was on the 7th day of the cycle and its completion was on the 10th day.
The conducted studies were approved by the Bioethical Commission of the Institute of Medical and Biological Problems of the Russian Academy of Sciences (protocol No. 544 of 16 July 2020) and were in full compliance with the principles of the 1964 Helsinki Declaration of Human Rights. Each study participant voluntarily signed an informed consent after the potential risks, tasks, and nature of the upcoming study were explained to her (Pastushkova et al., 2012).
Background examinations were performed on day 5 of the cycle (2 days before immersion), and post-immersion examinations on day 12 (the second day after leaving the immersion). Thus, all blood samples were collected during the follicular phase of the menstrual cycle.
The capillary blood (40 µL) was extracted by puncturing the phalanx of the finger using an automatic scarifier. Sampling was performed with an automatic micropipette with further transfer to filter paper, which was dried and later stored at −20°C. Sample preparation included the following steps: recovery, incubation, trypsin inactivation, deoxycholate precipitation and extraction.
The obtained mixture of tryptic peptides was analyzed by liquid chromatography-mass spectrometry based on a Dionex Ultimate3000 nano HPLC system (Thermo Fisher Scientific, USA) and a timsTOF Pro mass spectrometer (Bruker Daltonics, USA). The mass spectrometric analysis was carried out by parallel accumulation sequential fragmentation (PASEF) data acquisition method. It was measured in the m/z range from 100 to 1700 Th. Ionic mobility were in the range of 0.60–1.60 V - s/cm2. Functional annotation of proteins was performed using the String web resource (https://string-db.org) (Pastushkova et al., 2023).
To assess bioelectrical processes in myocardium, an electrocardiogram (ECG) was recorded in the supine position for 5 min in 3 standard leads from the limbs, followed by analysis of microvibrations characterizing electrophysiological properties of myocardium by the method of dispersion mapping (ECG DC) (Ivanov and Sula et al., 2009).
ECG was recorded and analyzed using the hardware-software complex “Cardiovisor” (Russia). To obtain signals of low-amplitude fluctuations of the ECG complex, several consecutive cardiac cycles were synchronized in 30-second segments of a 5-minute recording.
The variance characteristics were calculated for 9 groups (G1-G9), which reflect the degree of severity and localization of electrophysiological disturbances in the atrial and ventricular myocardium during the phases of de- and repolarization (G1 - right atrial depolarization, G2 - left atrial depolarization, G3 - end of right ventricular depolarization, G4 - end of left ventricular depolarization, G5 - right ventricular repolarization, G6 - left ventricular repolarization, G7 - symmetry of ventricular depolarization, G8 - intraventricular blockades, G9 - electrical symmetry of leads).
The total value of all groups of dispersion deviations is the integral “index of microalternations” (IM), which varies from 0% to 100%. The greater its values, the greater the deviations from the norm. Values not exceeding 15% are considered normal. The amplitude of microvariations of the T wave (T-tooth alternation) was also calculated.
To analyze the data set characterizing bioelectrical processes in the myocardium, we used the methods of cluster, discriminant and factor analysis. The t-test (p-value <0.05) has been used to detect significant protein concentration differences between the experiment points. The whole calculations were performed with the help of STATISTICA 12 statistical program package.
RESULTS
ECG DC, in our opinion, is one of the most informative techniques used to screen the functional state of the heart muscle during DI. Changes in dispersion characteristics can be detected earlier than in standard ECG analysis.
The variance mapping scores were analyzed using factor analysis. The obtained factor loading pattern revealed the most significant factor in the analyzed sample (describing 65% of the total variance) - “synchrony of myocardial electrical excitation,” which was formed by indicators with the corresponding correlation coefficients: IM (−0.7), T-tooth alternation (−0.7) and G9 (−0.9), reflecting synchrony of depolarization and repolarization in the corresponding heart sections.
All dry blood spot (DBS) samples were analyzed using the PASEF method implemented on timsTOF Pro instruments. Altogether 1256 different proteins were identified in the samples (Pastushkova et al., 2023). Two proteins CAN1_HUMAN and THRB_HUMAN, significantly correlating with ECG dispersion mapping, which reflects electrical processes in the myocardium, were identified when analyzing the protein composition of blood spots of volunteers (Table 1).
TABLE 1 | ECG DC indices included in the factor “synchronization of myocardial electrical excitation” and their correlations with CAN1_HUMAN (calpain) and THRB_HUMAN (prothrombin) proteins.
[image: Table displaying statistical analysis results for two variables, CAN1_HUMAN and THRB_HUMAN. For CAN1_HUMAN, the SS Effect is 2.492143, Df Effect is 1, MS Effect is 2.492143, SS Error is 12.9127, dF Error is 28, MS Error is 0.461169, F-value is 5.403975, and p-value is 0.027566. For THRB_HUMAN, the SS Effect is 4.038610, Df Effect is 1, MS Effect is 4.038610, SS Error is 24.3395, dF Error is 28, MS Error is 0.869267, F-value is 4.645995, and p-value is 0.039870. Protein annotation involved investigating physiological processes involving calpain and prothrombin.]Factor analysis in this study did not reveal a significant effect of 3-day dry immersion on biological processes of atrial repolarization and depolarization.
For this purpose, an attempt was made to graphically depict the biological relationship between calpain1 and the process of cardiac ventricular repolarization using AndVisio software (Figure 1A) (Ivanisenko et al., 2015). It turned out that calpain 1 through one protein mediator angiotensin 2 regulates the process of ventricular repolarization.
[image: Diagram featuring multiple panels: (A) and (B) show molecular pathway diagrams with components labeled, including "CAPNS" and "vinculin: reorganization." (C) includes two box plots comparing the number of neurons in "TERB_HUMAN" and "CASN_HUMAN" across different conditions: Background, D1, D2, D3, and After. (D) contains line graphs depicting experimental data trends under similar conditions, with mean data points and standard error indicated. Each section highlights experimental conditions for analysis.]FIGURE 1 | (A) Calpain binding via one mediator protein to the process of ventricular repolarization. (B) Connection of prothrombin protein through two mediators (angiontensin 2 and caldesmon) with the process of ventricular repolarization Blue line – regulation, Red line-involvement, Black line – association. (C) Directionality of calpain and prothrombin dynamics under the influence of DI. (D) Dynamics of DC ECG parameters (IM, T-tooth alternation, G9).
Repolarization is the phase during which the original resting potential of the nerve cell membrane is restored after the passage of a nerve impulse. Ventricular repolarization can be significantly altered by many factors. In the context of this work, it is a change in the mechanoelectrical feedback loop during thoracocranial redistribution of blood and reduction of cardiac output accompanied by myocardial structural rearrangement.
Calpains are known to be a family of cysteine proteases directly activated by Ca2+ and regulated by the endogenous specific inhibitor calpastatin. Among them, calpain-1 and calpain-2 are the most abundant and well-known isoforms (Sorimachi et al., 2011). Calpain-1 - calcium-regulated non-lysosomal thiol-protease which catalyzes limited proteolysis of substrates involved in cytoskeletal remodeling and signal transduction. Overexpression of calpain-1 in cardiomyocytes leads to increased global calpain activity and cardiac remodeling even in the absence of significant changes in intracellular Ca2+ (Galvez et al., 2007). The calpain/calpastatin system is involved in the development of maladaptive hypertrophy triggered by numerous pathologic stimuli (Wang et al., 2018; Aluja et al., 2019) and as indicated in several studies, leads to platelet aggregation, myocardial ischemia, and ultimately heart failure (Zatz and Starling et al., 2005; Wang et al., 2021). It was shown that in ventricular cardiomyocytes of newborn rats angiotensin II increased the expression of calpain 1 (Cao et al., 2022).
Prothrombin, one of the most important factors of the blood coagulation system, which showed a connection with ventricular repolarization, tended to decrease by the end of the experiment. It has been shown that experiments on modeling microgravity conditions do not cause activation of coagulation, although an increase in the peak and rate of thrombin formation was observed after the end of the experiments (Cvirn et al., 2015; Waha et al., 2015). Accordingly, prothrombin may be associated with observable phenotypic and functional changes post DI. Figure 1B shows the relationship of prothrombin protein through the mediator angiontensin 2 and the second mediator caldesmon with the process of ventricular repolarization.
During this study, the dynamics of calpain 1 and prothrombin changes were identical. This fact led us to focus on common mediators for the effects of these two proteins. The significant change in the mediator of both proteins, angiotensin II, is noteworthy (Figures 1A, B). These data are consistent with the changes in angiotensin levels and hemodynamic changes known from literature data under DI conditions of different duration (Pastushkova et al., 2012).
There is increasing evidence that angiotensin II (Ang II) is associated with the occurrence of ventricular arrhythmias. However, little is known about the electrophysiological effects of Ang II on ventricular repolarization. It is known that the fast component of the K(+) delayed rectifier current (I(Kr)) plays a critical role in cardiac repolarization, and Ang II via the protein kinase C pathway-associated AT(1) receptors in ventricular myocytes exerts an inhibitory effect on I(Kr)/hERG currents. This is thought to be a potential mechanism that elevated levels of Ang II are involved in the occurrence of arrhythmias in cardiac hypertrophy and heart failure (Wang et al., 2008).
The second intermediary (Figure 1B) is the actin- and myosin-binding protein Caldesmon (CALD1 gene). This protein is implicated in the regulation of actomyosin interactions in smooth muscle and non-muscle cells. Caldesmon promotes actin binding of tropomyosin, which enhances the stabilization of actin filament structure. It inhibits actomyosin ATPase in muscle tissues by binding to F-actin. The effect is reduced by calcium-calmodulin and increased by tropomyosin. It was shown that saldesmon cooperates with actin, myosin, two molecules of tropomyosin and with calmodulin (Huber et al., 1993).
DISCUSSION
Disturbance of synchronization of electrical excitation of the heart as a reflection of the state of the circuit of mechano-electrical regulation of the heart under conditions of hemodynamic influence of DI was investigated for the first time. Proteomic regulation of atrial and ventricular depolarization and repolarization processes and ECG DC parameters were evaluated. Factor analysis excluded a reliable influence of DI on biological processes of atrial repolarization and depolarization.
Ventricular repolarization disorders in the population are frequent, asymptomatic, and have multiple causes. Ventricular repolarization disorders are based on congenital individual features of electrophysiological processes in the myocardium, leading to early repolarization of its subepicardial layers, such as: 1. Additional conduction pathways.2. Uneven course of the processes of de- and repolarization of the ventricles. 3. Dysfunction of the autonomic nervous system. 4. Electrolyte disturbances (hypercalcemic theory) (Shulenin et al., 2007).
In DI conditions, in which the state of synchronization of electrical excitation of the heart was assessed, such factors were changes in the structure of cardiac muscle and volume of heart chambers in DI (Westby et al., 2015; Perhonen et al., 2001).
Studying the changes in the cardiovascular system during DI showed the gradual engagement of electrical (an increase in the amplitude of the QRS complex) and then energetometabolic (a decrease in the heart rate and alteration of the water-electrolyte balance) processes in the myocardium; the most pronounced changes were detected on the 5th day of DI (Ivanov et al., 2011). The correlation between changes in hydro-electrolyte balance and its regulation and modifications of electrophysiologic propagation of myocardial excitation, increase in dispersion of intrinsic small oscillations of cardiac potential were described. Changes in hydro-electrolyte balance could cause protein and energy shifts that were reflected, especially, in the rate of ventricular repolarization. The significant (more than 2-fold) growth of the centralization index at the end of SI indicates that the inclusion of the central regulation mechanisms in the processes of adaptation was an appropriate response aimed at compensating the primary changes in the water-electrolyte balance and hemodynamics (Larina et al., 2011). The multi-factor genesis of changes in ventricular repolarization requires more profound studies of proteomic and electrolyte parameters which affect the regulation of the functional state of the heart under simulated and real extreme conditions.
Thus, for the first time the regulation of synchronization of electrical excitation of the heart under conditions of 3 days DI with the participation of women was evaluated at the level of changes in the proteomic composition of blood. Factor analysis in this study excluded a significant effect of dry immersion for 3 days on biological processes of atrial repolarization and depolarization. By bioinformatic analysis of ANDvisio proteomics data from the total list of blood proteins in DI, two proteins related to the biological process of ventricular repolarization through two mediators (angiotensin II and caldesmon) were identified. These data correlate with the results of the DC ECG on changes in ventricular repolarization in all participants during DI. The multifactorial genesis of changes in ventricular repolarization requires further in-depth studies of proteomic and electrolyte circuits of cardiac regulation during DI of different durations to confirm this hypothesis, including gender differences.
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The perceptual and motor coordination problems experienced following return from spaceflight reflect the sensory adaptation to altered gravity. The purpose of this study was to develop a ground-based analog that replicates similar sensorimotor impairment using a standard measures test battery and subjective feedback from experienced crewmembers. This Sensorimotor Disorientation Analog (SDA) included varying levels of sensorimotor disorientation through combined vestibular, visual, and proprioceptive disruptions. The SDA was evaluated on five previously flown astronauts to compare with their postflight experience and functional motor performance immediately (Return (R)+0 days) and +24 h (R+1) after landing. The SDA consisted of galvanic vestibular stimulation (GVS), visual disruption goggles, and a weighted suit to alter proprioceptive feedback and replicate perceived heaviness postflight. Astronauts reported that GVS alone replicated ∼50–90% of their postflight performance with the weighted suit fine-tuning the experience to replicate an additional 10%–40% of their experience. Astronauts did not report feeling that the disruption goggles represented either the visual disruptions or illusory sensations that they experienced, nor did they impact motor performance in postflight tasks similarly. Based on these results, we recommend an SDA including the GVS and the weighted suit. These results provide a more realistic and portable SDA framework to provide transient spaceflight-relevant sensorimotor disruptions for use in countermeasure testing and as a pre-flight training tool.
Keywords: spaceflight analog, sensorimotor system, functional performance, disorientation, vestibular system

1 INTRODUCTION
Upon return to Earth’s gravity following prolonged microgravity exposure, astronauts experience re-entry motion sickness (Reschke et al., 2017), perceptual illusions (Harm et al., 2015), and alterations to functional performance including postural stability (Wood et al., 2015) and locomotion (Mulavara et al., 2018; Clément et al., 2022). Sensorimotor disruptions following long-duration stays on the International Space Station (ISS) have had prominent effects on functional performance immediately upon landing (Reschke et al., 2020) and +24 h after landing (Miller et al., 2018; Mulavara et al., 2018). The sensorimotor system includes the vestibular, proprioceptive, and visual systems that are critical for postural stability and gait. Not surprisingly, the postflight effects include visual orientation illusions (Oman, 2003), vestibular-mediated gain changes (Reschke et al., 2018) and changes in proprioception leading to perceived heaviness of limbs (Ross, 1998).
Simulating the postflight sensorimotor disruptions after long duration missions is exceedingly challenging on Earth. Spaceflight ground analogs such as bed rest and dry/wet immersion simulate the response to microgravity for various physiological systems (Pandiarajan and Hargens, 2020). Another spaceflight analog, centrifugation, simulates artificial gravity and can elicit vestibular adaptive changes similar to G-transitional effects following spaceflight (Bles et al., 1997; Nooij and Bos, 2007; Groen et al., 2008). Each of these spaceflight analogs provide the ability to capture large experimental datasets to test spaceflight countermeasures. However, these analogs are costly, require large facilities and significant time and effort, and most do not necessarily capture the relevant sensorimotor mechanisms. One spaceflight analog specific to sensorimotor mechanisms was developed by Dixon and Clark (2020) using a 12-h “wheelchair head immobilization paradigm” that did elicit illusory sensations and significant performance decrements in tasks sensitive to vestibular function such as tandem walk with eyes closed. However, this analog still requires significant time and effort to implement and produced limited proprioceptive and visual disruptions. A portable simple alternative that can mimic postflight sensorimotor disorientation could aid in defining sensorimotor performance thresholds and allow for faster countermeasure viability testing. Disorientation of the sensorimotor system in 1G through the same mechanisms as exposure to microgravity is difficult to replicate, however, we can replicate the motor output that is seen postflight by altering the vestibular, proprioceptive, and visual systems concurrently.
Previous studies have utilized galvanic vestibular stimulation (GVS) as a means to disrupt vestibular input and mimic astronaut postflight performance. A pseudorandom GVS profile with peaks up to 5 mA was found to significantly degrade postural stability during a computerized dynamic posturography task with eyes open and eyes closed (MacDougall et al., 2006) and performance in a locomotor obstacle course task (Moore et al., 2006). These studies found performance decrements with GVS were similar to those observed in short duration mission astronauts immediately postflight. GVS is also a portable system that can be worn while ambulating and is temporary with quick dissipation of the disruption. Thus, GVS can be a useful tool in replicating post-spaceflight task performance.
Proprioceptive functions are altered with exposure to microgravity (Macaulay et al., 2021). Vibration-induced limb position caused a greater extension perception during 1.8G parabolic flights relative to 1G (Lackner and DiZio, 1992). Lackner and DiZio (1992) proposed that these proprioceptive illusions were due to a central reinterpretation of muscle spindle stretch activity relative to gravity cues. It is possible that applying increased body-loading in 1G could elicit perceived alterations in limb position sensing. Applied loads could also mimic the subjective heaviness felt postflight by astronauts and decrements associated with reduced muscular fitness and fatigue that impact motor output and limb position sensing. Ryder et al. (2013) developed an analog to simulate spaceflight decrements in muscular fitness by applying loads upwards of 120% body weight across all body segments finding reductions in task performance as loads increased. This study found task performance was comparable to that of six astronauts after short duration shuttle missions. Distally applied loads at the ankle have also been shown to increase overall metabolic rate (Browning et al., 2007) where muscle fatigue can influence limb position sensing (Walsh et al., 2004). At the wrist, distally applied loads can increase limb position sensing error when the arm is swung (Shibata et al., 2012) and when in static unsupported condition (Winter et al., 2005). Taken together, applied body loading at the chest and distally at the wrists and ankles could elicit similar motor performance decrements as returning astronauts experience postflight.
Visual disruptions are experienced postflight including illusory sensations and reduced dynamic visual acuity (Bloomberg and Mulavara, 2003). Illusory sensations are thought to occur due to postflight readaptation of the otolith organs due to microgravity exposure where head tilt cues are reinterpreted as linear translation. This readaptation results in perceived translation of the environment or body when tilting the head after return from spaceflight which can impact postural and dynamic stability (Merfeld, 2003; Harm et al., 2015; Reschke et al., 2017). Dynamic visual acuity decreases postflight (Peters et al., 2011) and is postulated to occur due to changes in gaze stabilization mechanisms where compensatory eye movements, mediated by the vestibular system, are altered (Bloomberg and Mulavara, 2003). It was also proposed that lower-limb kinematics were altered to compensate for the changes in gaze stabilization. This visual-motor relationship, independent of cause-effect, suggests that visual distortion type challenges (e.g., Welch et al., 2009) could impact motor performance and that this could aid in replicating postflight performance.
The purpose of this exploratory study was to validate a novel post-spaceflight Sensorimotor Disorientation Analog (SDA) for replicating the postflight subjective experience in previously flown astronauts. Each of these crewmembers had participated in a sensorimotor test battery following long-duration spaceflight occurring immediately after landing (Return (R)+0 days) and 1-day after landing (R+1) (Clément et al., 2022). Therefore, both subjective feedback and comparison of performance on this test battery served as the criteria to validate the SDA.
2 METHODS
2.1 Participants
The test procedures were approved through the NASA Institutional Review Board and in accordance with the Declaration of Helsinki. Five United States Orbital Segment (USOS) Astronauts (4 female, 1 male; Age: 45 ± 8 years (Mean ± SD)) who had previously flown on the ISS (average mission duration: 249 days) provided written informed consent to participate in this study. All astronauts had previously participated in sensorimotor field testing (Clément et al., 2022) immediately post-landing (1.7 ± 0.8 h) and 1-day after landing (26.9 ± 5.2 h) on their most recent return. The average time since their most recent return was 377 days (range: 95–904 days). The astronauts who participated in this study were selected based on their availability with the preference of those who had more recently returned from spaceflight in order to aid in recall. The tasks performed for this study were the same tasks completed during field testing in order to aid in recall of their experience and performance at the R+0 and R+1 time points. One astronaut did not perform field testing on R+0 but was able to perform at R+1. Feedback from this astronaut was only gathered for the R+1 time point.
2.2 Sensorimotor disorientation analog
The SDA consisted of three elements: GVS, visual disorientation prism goggles, and a weighted suit. Two levels of disorientation were defined as low, attempting to replicate R+1, and high, attempting to replicate R+0. The initial investigator defined starting levels for each element of the SDA are included in Table 1.
TABLE 1 | Starting and final levels of disorientation for each element of the sensorimotor disorientation analog at each time point.
[image: Table displaying levels of disorientation. Initial levels: Low aims to replicate R+1 with GVS at 2.0 mA, weighted suit at 20% body weight, and visual disruption at 0.07–0.10+ BAC; High aims to replicate R+0 with GVS at 3.0 mA, weighted suit at 40% body weight, and visual disruption at 0.12–0.15+ BAC. Final levels from crew feedback: Low with GVS at 2.0 mA, weighted suit at 15%, no visual disruption; High with GVS at 3.0 mA, weighted suit at 30%, no visual disruption. Key: S = standard profile, BW = body weight, BAC = blood alcohol content.]A custom GVS generator was used to deliver a bilateral bipolar stimulus. The current was delivered via two 3” diameter circular electrodes placed over the mastoid processes. An electrode pad with a layer of electrode gel was placed between the skin and the electrode. The electrodes were secured to the head via elastic straps that did not restrict head movement. The stimulus was generated from accelerometer data captured during capsule wave motions to create a random sum-of-sines profile with frequencies between 0 and 0.3 Hz (Wood, 2002; Clement and Wood, 2014). Three standard (S) profiles were generated with peak amplitudes reaching 1 mA, 2 mA, and 3 mA. Additionally, three boosted (B) profiles were generated that multiplied the standard signal to the power of 1.2 while maintaining the peak amplitude thresholds (Figure 1). Each profile contained ten, 3-min portions of non-repeating signal, for a total of 30 min, however, the GVS was only active when performing the field tasks. The six profiles were sorted by increasing levels of disorientation as defined by average peak amplitudes of the signal as follows: 1 mA S, 2 mA S, 1 mA B, 3 mA S, 2 mA B, 3  mA B.
[image: Graph showing the galvanic stimulation profile at the top with a time series plot, indicating changes in amplitude. Below, a power spectrum graph displays frequency peaks between 0.05 and 0.45 Hz. Standard and Boxed key included.]FIGURE 1 | (A) example Standard and Boosted galvanic vestibular stimulation profiles, (B) power spectrum of the stimulation profiles.
Fatal Vision Alcohol Impairment Goggles (Innocorp, ltd., Verona, WI) were used to alter visual input. The goggles had varying levels of visual disorientation based on estimated ranges of blood alcohol content (BAC) including: 0.07–0.10+, 0.12–0.15+, and 0.17–0.20+. Prior to testing the visual disruption goggles, astronauts were told that the goggles would not replicate the actual visual disruptions or illusory sensations they experienced, if any, rather that these goggles were meant to reduce visual dependency such that task performance was similar to how postflight visual disruptions or illusory sensations could have impacted their postflight performance.
The weighted suit was comprised of the custom-made weighted vest (Ryder et al., 2013) and commercial off-the-shelf ankle and wrist straps. The vest portion only of the Ryder et al. (2013) custom-made suit was utilized for initial set-up, however, the hips and upper and lower arm and leg pieces were available to be included in testing dependent on astronaut feedback. Weights were distributed anthropometrically and symmetrically based on the relative percent weight of each body segment with respect to the overall body weight as follows: 7.3% for each wrist, 15.9% of each ankle, and 26.8% for the chest and back individually. The levels of disruption can be incrementally increased or decreased by overall percent bodyweight, with initial investigator defined starting levels noted in Table 1 for all elements.
2.3 Data collection procedure
Upon arrival, the astronauts were shown videos of their performance during field testing at both R+0 and R+1 to enable recall of their experience. Astronauts then performed the same field test tasks with no SDA to provide a baseline of performance. These tasks included a sit-to-stand with walk-and-turn and tandem walk. The sit-to-stand with walk-and-turn included standing from a chair, walking to and around a cone placed 400 cm away while navigating an 30 cm tall obstacle placed 130 cm away from the chair. The tandem walk was performed with both eyes open, and eyes closed including 10–12 heel-to-toe steps with arms crossed. These tasks are described in full in Clément et al. (2022).
Iterative testing of the SDA was performed such that the elements (GVS, vision goggles, weighted suit) were examined separately and combined as depicted in Figure 2. This approach helped determine if a singular or multiple elements of the SDA were needed to sufficiently replicate the postflight experience and performance. To note, the weighted suit alone for the high level was not performed with the tasks due to time constraints, however, subjective feedback was still captured. Throughout testing, video cameras were used to capture verbal feedback and task performance. After each block and performance of field test tasks, astronauts were asked the following questions:
	• “What time point do you believe your performance and/or experience with this SDA level best reflects?”
	• When applicable, “Do you believe the combination of [elements] is the same, worse, or better than with the [element] alone?”

[image: Flowchart illustrating a sequence of experimental conditions involving video, baseline, and sensory deprivation. It begins with "Video + Baseline," moving through conditions labeled "Low (R+1) GVS," "High (R+0) GVS," and "Low (R+1) Weighted Suit (WS)." The sequence continues with boxes labeled "Low (R+1) WS + GVS," "High (R+0) WS + GVS," "High (R+0) Goggles + WS + GVS," and "Low (R+1) Goggles + WS + GVS," with arrows indicating progression.]FIGURE 2 | Testing procedure for each element of the Sensorimotor Disorientation Analog (SDA) with the low level (attempting to replicate R+1) outlined in orange and the high level (attempting to replicate R+0) outlined in red. Green outline represent the pre-SDA procedures. GVS = galvanic vestibular stimulation, WS = weighted suit.
Specific questions for each element were also asked including:
	• “Is the weight and distribution of the weight similar to your postflight heaviness?”
	• “Does the weight impact your ability to perform the tasks similar to postflight?”
	• “Did you experience any asymmetrical heaviness postflight?”
	• “Do the vision goggles impact your performance similar to your postflight performance?”

Motor performance changes were quantified via the tandem walk task. No data was gathered from the sit-to-stand with walk-and-turn task that would allow for comparison to postflight performance, rather the task was used solely to enable recall of their experience. Scoring was performed on the tandem walks when the astronaut was wearing the final preferred SDA as determined by their experience for both low and high levels. Two independent scorers examined the videos to determine percent correct steps. As in Clément et al. (2022), an incorrect step was defined as any of the following: 1) a cross-over step; 2) the stepping foot touches the ground more than once per step; 3) a wide swing of the stepping foot typically accompanied by a lateral trunk bend; 4) a step duration greater than 3 s; or 5) a heel-toe gap larger than 10 cm at the completion of the step. The average value of percent correct steps across scorers was used for each trial.
3 RESULTS
In summary, the final SDA based on astronaut feedback included the GVS at the proposed starting levels and the weighted suit which was reduced to 15% and 30% body weight for the low (R+1) and high (R+0) levels respectively (Table 1). These levels were decided based on the majority consensus (GVS) or average of preferred level (weighted suit). The visual disruption goggles were removed from SDA.
These conclusions were based upon the following feedback from astronauts. All five astronauts believed the 2  mA S profile best reflected their overall experience and performance at the R+1 time point. For the R+0 time point, three of four astronauts chose the 3  mA S profile and one astronaut selected the “boosted” 2 mA profile. Four of the five astronauts (all female) subjectively reported that GVS alone replicated ∼80–90% of their postflight experience and performance with one astronaut (male) stating only 50% replicative. Two astronauts stated the GVS level for both time points was task specific such that complex tasks sensitive to vestibular function, such as tandem walk eyes closed, were more affected by GVS.
For the weighted suit element of the SDA, the final bodyweight percentage ranged from 25%–40% for the high level (R+0) and 10%–20% for the low level (R+1). The astronaut who concluded testing with 40% bodyweight for the high level (R+0) stated this was too high, however, due to time constraints this astronaut was unable to test 30% bodyweight. Overall, all the astronauts believed the weighted suit alone replicated between 5%–40% of their postflight experience and should be used alongside the GVS. All astronauts stated they did not experience asymmetrical heaviness, therefore, only a uniform application of weight was used. Three of five astronauts stated the ankle weights were useful in replicating postflight proprioceptive disruption as it reduced their ability to determine foot placement during tandem walk and disrupted the standard swing phase mechanics during the sit-to-stand with walk-and-turn. The vest aided in overall subjective heaviness; however, it was noted by the astronauts that the vest partially aided in stability during upright standing and walking tasks as the weight is around the center of mass. A few additional suggestions on weight distribution were to add light head weights to further influence head mechanics (n = 1) and distribute weight across upper and lower arms (n = 1).
Two astronauts did experience illusory sensations postflight (non-specific) and all five astronauts stated they used vision to compensate for vestibular disruptions. Four of the five astronauts did not believe the visual disruption goggles represented either the illusory sensations or other visual disruptions that they experienced postflight. Specifically, these 4 astronauts reported that the lowest BAC level of the goggles was too disruptive. Two of the four astronauts did not perform the tasks with the goggles as they either did not want to proceed after donning the goggles and standing or they were on a time constraint and wanted to focus on the other aspects of the SDA they deemed more replicative. The other two astronauts did not believe the goggles impacted their performance in postflight tasks similarly. One astronaut did believe the goggles aided in fine-tuning the SDA to achieve an additional 5% of their postflight experience. This astronaut felt the 0.07–0.10+ BAC replicated R+1 and 0.12–0.15+ BAC replicated R+0.
Changes in motor performance while wearing the astronauts’ preferred SDA is summarized in Table 2 using percent correct steps during tandem walk. The preferred SDA for four of the five astronauts included only the GVS and weighted suit whereas the fifth astronaut also included the visual disruption goggles. In comparison to published postflight data inclusive of the astronauts in this study (Clement et al., 2022), the SDA elicited on average 10% and 6.5% less correct steps for the low level (R+1) with eyes open and closed, respectively (Table 2). Individually, each astronaut ranged from 2.4%–40% correct steps different than their respective postflight R+1 data for eyes open and 0%–22.5% correct steps different for eyes closed. Eyes closed performance for the high level (R+0) had 2.3% less correct steps when wearing the SDA compared to postflight and, individually ranged from 1.7%–17.5% corrects steps different. Conversely, performance was better with 19.8% more correct steps while wearing the SDA for eyes open at the high level (R+0), and individually ranged from 10% correct steps worse with the SDA or between 5.7%–45% corrects steps better with the SDA.
TABLE 2 | Percent correct steps for tandem walk with eyes open and closed while wearing the Sensorimotor Disorientation Analog (SDA) at the high and low levels and postflight data retrieved from Clement et al. (2022) at the R+0 and R+1 time points.
[image: Comparison table showing percentages for eyes open and closed under high and low level conditions (R+0 and R+1). For SDA: High level, eyes open 53.3% and closed 7.6%; Low level, eyes open 74.4% and closed 18.8%. For Clement et al. 2022: High level, eyes open 33.5% and closed 9.9%; Low level, eyes open 84.6% and closed 25.3%. Data include mean, minimum, and maximum values.]4 DISCUSSION
The results of this study demonstrated that combining a GVS sum-of-sines profile with a weighted suit was able to approximately replicate, based upon subjective comparisons, astronaut immediate and +24 h postflight experience and motor performance during dynamic locomotor tasks. While no analog can fully replicate the adaptations that occur due to spaceflight, the SDA proposed in this study provides a framework for a portable spaceflight analog.
GVS alone was the best at replicating postflight experience after long duration missions. This is consistent with previous studies that utilized only GVS to successfully replicate short duration postflight postural stability and dynamic task performance (MacDougall et al., 2006; Moore et al., 2006). One astronaut noted that postflight vestibular disruptions were greater when head movements were performed including head movement relative to the body (e.g., head pitch to view obstacle on the ground) and relative to space (e.g., sit-to-stand with head locked to trunk). Moore et al. (2006) examined a head-coupled GVS profile using head yaw velocity and vertical linear acceleration to elicit proportional galvanic stimulus. These results found that the head-coupled GVS significantly disrupted performance yet produced less disruption to motor performance than a pseudorandom GVS profile similar to that used in this study. The head-coupled GVS profile utilized only yaw motion, where head pitch and roll have been reported to cause illusory sensations of exaggerated translational motion postflight (Reschke and Clément, 2018). It is also possible that the proportional relationship between head movement and galvanic stimulus was not disruptive enough to replicate astronaut’s postflight experiences. Further research is needed to determine the validity of head-coupled GVS profiles to better reflect postflight experience.
The weighted suit received overall positive feedback on replicating subjective heaviness and eliciting certain proprioceptive disruptions that are experienced following spaceflight (Ross, 1998). However, the suit was only helpful in replicating postflight experience in combination with the GVS as the visual and vestibular systems were able to compensate for the added weight. One astronaut in this study noted that the weighted suit helped to stabilize them while performing the tandem walk. Applied loads to body segments is known to impair postural limits of stability (Holbein and Chaffin, 1997), however, loading of small weights has been used therapeutically to improve postural alignment (Widener et al., 2020). It is possible that the location of the weights, specifically at the chest, may have aided in stability. Conversely, the distally applied loads at the ankle were noted by astronauts to subjectively impair task performance similar to postflight experience.
While we did not examine limb position sensing error, we did quantify motor performance during the tandem walk task as a result of the preferred combined SDA. Overall, tandem walk performance with the SDA was within 10% correct steps (∼1 step) of the average postflight performance from previous research except for eyes open at the high level (R+0) where performance was better with 19.8% more correct steps (∼2 steps) with the SDA. Postflight task performance soon after landing is highly variable, especially when able to utilize vision. This is seen in the Clément et al. (2022) data (Table 2) where the full possible range of postflight performance (0%–100% correct steps) was captured on R+0 for tandem walk eyes open. This range of performance was similarly replicated by the SDA resulting in a range of performance from 18%–75% correct steps. The final preferred SDAs across astronauts were similar, although not exact. This suggests that motor output in response to the SDA can vary by person which is consistent with postflight readaptation response.
The visual disruption goggles were utilized as a means to reduce visual dependency and, therefore, alter motor output. However, even with this pre-emptive statement, the negative feedback received about the goggles suggests that replicating the sensory experience is important. On closer examination of the one astronaut that did include the visual disruption goggles in their final preferred SDA, tandem walk scores decreased relative to without the visual disruption goggles (SDA low level (R+1): 100%–65%; high level (R+0): 92%–18% correct steps). With the goggles, SDA performance for the high level (R+0) more closely resembled their actual postflight performance. However, for the low level (R+1) their SDA performance was much worse than their actual postflight performance where performance without the goggles more accurately represented postflight. Visual dependency was calculated for all astronauts in this study from the difference in preflight tandem walk scores between eyes open and closed. The absolute differences ranged from 11%–34% correct steps with the astronaut who included the visual disruption goggles in their final preferred SDA had a 12.5% correct step difference. This suggests they are on the lower end of visual dependency compared to the others in this study. Finally, when examining individual differences in tandem walk scores between the SDA and postflight performance, eyes open had larger differences up to 45% correct steps different in comparison to eyes closed with up to 18.9% correct steps different. Taken together, this suggests that a visual disruption could improve the SDA, however, it is unclear when a visual disruption should be included. If a visual disruption is to be used, it is clear that the disruption should better replicate the postflight sensory experience such as eliciting an exaggerated movement of the surrounding environment relative to the voluntary real head movement and/or including a time delay of movement of the surrounding environment (Harm and Parker, 1993). Further research is needed to provide similar illusory sensations more accurately such as through virtual or augmented reality.
While the results from this study were compiled from a small sample of astronauts, the subjective feedback from those who relatively recently experienced these difficult to describe sensations is invaluable. One limitation of this study is that not all test conditions (e.g., visual goggles alone) were tested. It is possible that the test sequence could have influenced the subjective evaluations. Therefore, the proposed SDA is presented as a starting framework for a portable analog that requires further validation. Without prompting, three of the five astronauts suggested that the non-head-coupled GVS profile alone could be a useful preflight training tool for first time flyers. The portable SDA allows for out-of-lab field testing and provides a relatively quick reversible disorientation (Dilda et al., 2014). The SDA may be useful in future investigations on spaceflight countermeasure testing and understanding adaptation and compensatory mechanisms of the broader vestibular loss community.
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Introduction: Isolation and confinement are significant stressors during space travel that can impact crewmembers’ physical and mental health. Space travel has been shown to accelerate vascular aging and increase the risk of cardiovascular and cerebrovascular disorders. However, the effect of prolonged isolation and confinement on microvascular function has not yet been thoroughly investigated.Methods: Retinal vascular imaging was conducted on four crewmembers during- and post-8-month SIRIUS-21 space analog mission. Central retinal arteriolar equivalent (CRAE), central retinal venular equivalent (CRVE), and arteriovenous ratio (AVR) were measured. Pulse wave velocity (PWV), an indicator of arterial stiffness, was also measured.Results: Data from 4 participants was analyzed. These participants had a mean age of 34.75 ± 5.44 years, height of 170.00 ± 2.00 cm, weight of 74.50 ± 12.53 kg, and average BMI of 25.47 ± 3.94 kg/m2. During- and post-isolation, average CRVE showed an upward trend (Pearson’s r 0.784, R-square 0.62), suggesting a dilation of retinal venules, while AVR showed a downward trend (Pearson’s r −0.238, R-square 0.057), which is suggestive of a higher risk of cardiovascular and cerebrovascular dysfunctions. But neither of these trends were statistically significant. Additionally, the average PWV showed an upward trend during- and after-isolation across all crew members.Conclusion: Isolation and confinement appear to contribute towards retinal vascular damage and arterial stiffness. This cautiously suggests an increased risk of cardiovascular and cerebrovascular disorders due to the contribution of the isolation in space flight. Further studies are needed to confirm and expand on these results as we prepare for future manned missions to the Moon and Mars.Keywords: isolation and confinement, cardiovascular and cerebrovascular disorders, SIRIUS-21, space flight, retinal vasculature, analog mission
INTRODUCTION
Space travel exposes crew members to various stressors such as microgravity, radiation as well as isolation and confinement. Consequently, there are multiple deleterious effects of these stressors on several organs systems of the space travelers, including cardiovascular and cerebrovascular disorders. However, the causes and mechanisms underlying those disorders in isolation, confined and extreme environments (ICE) are not fully understood. To dissect out the effect of these stressors on vascular health, we studied the effect of long-term isolation and confinement on the changes of retinal blood vessels and arterial stiffness, during- and post-8-month Scientific International Research in Unique terrestrial Station (SIRIUS) analog mission.
Isolation and confinement, in general, are inherent stressors that can significantly perturb human physiology, as they are associated with increased activation of stress pathways (Pagel and Chouker, 2016). Among various physiological systems, the human vasculature is particularly vulnerable to the effects of neuronal and hormonal stress (Schakman et al., 2013; Cacioppo et al., 2015). SIRIUS-21 space analog mission offered an excellent opportunity to investigate the impact of these stressors on human vasculature in a controlled environment, which mimicked the isolation of spaceflight. Previous studies have demonstrated that confinement and isolation during the MARS-500 mission resulted in pathological structural changes in peripheral vasculature (Arbeille et al., 2014). However, the effects of isolation and confinement on microvascular functions and arterial stiffness in long-duration missions have not been fully explored.
The purpose of this study is to investigate the changes in microvascular functions and arterial stiffness that occur during an 8-month SIRIUS analog mission and how long it took the variables to return to baseline values following the isolation. We used non-invasive clinical diagnostic methods such as the Pulse Wave Velocity (PWV) to assess vascular stiffness and measured the retinal microvasculature changes, including the Central Retinal Arteriolar Equivalent (CRAE), the Central Retinal Venular Equivalent (CRVE), and the arteriovenous ratio (AVR) during- and after-isolation. The vascular retinal measurements reflect cardiovascular and cerebrovascular microvasculature beds. In particular, decreases in AVR predict development of cerebral atrophy, stroke and other cardiovascular events in adults (French et al., 2022).
The findings of this study help us better understand the effects of ICE on microvasculature. This research is important as we plan for ambitious manned missions to the Moon and Mars. Similarly, the knowledge gained from such studies can be important in developing effective countermeasures to mitigate negative effects of isolation and confinement on human physiology.
MATERIALS AND METHODS
Study design and population
The study was conducted jointly by Roscosmos, NASA, and Mohammed Bin Rashid Space Centre (MBRSC), Dubai at the refurbished isolation facility located at the Institute of Biomedical Problems (IBMP) in Moscow, Russia between 4 November 2021, until 3 July 2022. The current study was one of multiple projects in an international large study named SIRIUS-21. The investigation of the effects of 8-month of confinement initially started with a group of six crewmembers. Following 33 days from the beginning of the mission, one of the crewmembers withdrew because of an unexpected health issue following a minor arm injury during exercise. However, the mission was completed with the remaining crew (three men and two women) including Russian, American and Arab background participants. The recruitment and the inclusion and exclusion criteria with healthy young and middle age healthy individuals, which were selected by IBMP leadership scientific team, in collaboration with NASA and MBRSC. During the 8-month confinement period, the crew members resided in a cylindrical module with a volume of 500 m3, engaging in experimental scientific activities that involved moderate physical exertion (Schneider et al., 2013). They lived in conditions similar to those on Earth, though within a restricted space. Throughout the duration, the subjects maintained limited yet regular contact with the control center. Out of the nine measurement time points conducted during the mission (DM), seven were found reliable and analyzed on days 68–69 (DM3), day 93–95 (DM 4), day 109–111 (DM 5), day 154–156 (DM6), day 180–182 (DM7), day 222–224 (DM8), day 238–239 (DM9). Additionally, two post-mission (PM) time points were measured on 4–7 (PM1), and day 13–14 (PM2) as shown in Table 2.
Assessment of vascular stiffness
Rates of the movement of the pressure waves were used to assess pulse wave velocity (PWV) using Vicorder device. The device measures the velocity of waves transmitted between two points across the walls of the large carotid and femoral arteries. Operating in connection with a laptop software program, the device analyzes the waveform, delivering the speed measurement in meters per second (m/s). After a period of 20 min in a supine position to ensure relaxation, the assessment of PWV was undertaken. The detailed guidelines for using the Vicorder device have reported earlier (McGreevy et al., 2013).
Non-invasive retinal vessel’s assessment
Retinal images were collected serially with a non-mydriatic hand-held retinal camera (Optomed, Finland) according to the study protocol. Trained graders from crew members have performed vessel measurements on the optic disc–centered image of the right eye. For detailed processing of retinal images see methods in Saloň et al. (2023). The image analysis was done using the IVAN software (University of Wisconsin, Madison, WI). This approach has previously been used in other population-based studies (Chandra et al., 2019).
Ethics statement and informed consent
The study incorporated human participants and received thorough evaluation and endorsement from the Bioethical Commission at the Institute of Biomedical Problems of the Russian Academy of Sciences (Protocol No. 539 of 17 March 2020). The study fully adhered to the tenets outlined in the Declaration of Helsinki.
Each study participant voluntarily signed an informed consent after they were comprehensively briefed on the potential risks, advantages, and objectives of the forthcoming research.
RESULTS
The present study was conducted with a total of 5 adult participants. However, due to data artifacts in 1 participant, the analysis and presentation below only involved 4 participants. These participants had a mean age of 34.75 ± 5.44 years, height of 170.00 ± 2.00 cm, weight of 74.50 ± 12.53 kg, and average BMI of 25.47 ± 3.94 kg/m2, as shown in Table 1.
TABLE 1 | Demographics of the four crew members completed the mission.
[image: Table displaying details of four crew members. Each row includes serial number (CM-1 to CM-4), sex (F or M), age (years), height (cm), weight (kg), and BMI. Footnote explains abbreviations: CM is crew member; F is female; M is male; BMI is Body Mass Index (kg/m²).]Retinal arteriolar and venular diameters
Figure 1A shows the Central Retinal Arteriolar Equivalent (CRAE) in seven time points during mission/isolation (DM) and two times points post mission/isolation (PM) for four crew members separately and their means measured. The mean of all CRAE (µm) time points shows an upward trend with a slope of 0.661 ± 0.83, Pearson’s r 0.332 and R-square 0.11 (Figure 1B). Similarly, the CRVE values (µm) are shown in Figure 1C during mission/isolation and post mission/isolation. Figure 1D shows a steeper upward elevation of CRVE with the slope of 1.676 ± 0.59, stronger correlation with Pearson’s r 0.784, and a higher R square 0.62 compared to CRAE.
[image: Graphs showing individual and average levels of chemical and metabolite measurements during and after a mission. Panels A, C, and E display individual data points, while B, D, and F show linear trends and statistical analysis.]FIGURE 1 | The graph showcases the temporal changes and potential tendencies in (A,B) central retinal arteriolar equivalent (CRAE) in µm; (C,D) central retinal venular equivalent (CRVE) in µm; and (E,F) arteriovenous ratio (AVR). These parameters were measured across the duration of the SIRIUS-21 mission, illustrating potential trends that signify the impact of isolation and confinement on retinal vasculature. (CM, Crew member; DM, During mission; PM, Post mission).
Retinal arteriovenous ratio
Figure 1E shows the AVR at all seven time points during the mission/isolation (DM) and two time points post mission/isolation (PM) for four crew members separately as well as their average. Figure 1F shows the average AVR across all time points, which exhibits a downward trend with a slope of −0.00294 ± 0.005. In addition, the figure shows Pearson’s r of–0.238 and R-square of 0.057 which indicate a weak negative correlation between time and AVR, which means that as time goes on, there is a slight decrease in AVR. The actual values for the AVR during- and post-mission/isolation as well as their average are in Table 2. We used linear regression analysis as is depicted in Table 3. It appears that only crew member # 2 showed a statistically significant decrease trend over time, while the other crew members and the average did not show statistically significant trends. The t-value for crew member #2 is −0.624, which is significant at a 5% significance level (p-value = 0.036).
TABLE 2 | The arterio-venular ratio of the retinal images analysis in each crew member and their averages in various time points during and post mission/isolation.
[image: Table showing participant data with crew member (CM) identifiers for different mission phases. Columns include DM3 to DM9 for during mission, and PM1 and PM2 for post mission. Each participant (CM-1 to CM-4) has corresponding numerical values, with an average row summarizing the data.]TABLE 3 | Linear regression analysis of retinal images. Only CM_2 (crew member 2) shows a statistically significant decreasing trend over time (p-value = 0.0359), while the other crew members and the average do not show statistically significant trends.
[image: Table displaying linear regression statistics for participants CM-1 to CM-4 and the average. Columns include slope, intercept, correlation coefficient, T-value, and p-value. Notable p-value for CM-2 is marked with an asterisk, showing 0.035865034. Other values span slopes from negative to positive, with intercepts ranging from 0.4583304 to 0.7460516 and correlation coefficients from -0.183576128 to 0.478190867.]Assessment of vascular stiffness
The arterial stiffness was measured using pulse wave velocity (PWV) of the four crew members and their average, as shown in Figure 2A, during mission/isolation. However, a few data were not counted in the study due to the presence of artifact in them. Thus, fewer measurements were included in calculation. Figure 2B shows the average of all PWV (m/s) time points with an upward trend with a positive linear relationship between independent variable during mission and post mission with intercept = −1.081, slope 0.914.
[image: Two charts display pulse wave velocity data. Chart A shows individual velocities for four subjects with symbol and color differentiation, both during and post-mission. Chart B visualizes the same data using lines, indicating individual changes and an average. The x-axis denotes time periods, and the y-axis represents velocity in meters per second.]FIGURE 2 | The graph showcases the (A) changes and (B) potential tendencies in pulse wave velocity (PWV). PWV (m/s) was measured across the duration of the SIRIUS-21 mission. (CM, Crew member; DM, During mission; PM, Post mission).
DISCUSSION
Our study focused on its effect of 8-month isolation and confinement on small retinal vessels as well as vascular stiffness of larger vessels. Our results indicate a decreasing trend (although not statistically significance) of the average retinal arteriolar-to-venular diameter ratio (AVR) due to retinal venular dilation during and post isolation, suggesting an increased risk of several health conditions, including cardiovascular disease, stroke, hypertension, and, potentially, dementia. Additionally, we observed an increasing trend (again not statistically significance) in pulse wave velocity, indicating a tendency toward vascular stiffness and a higher risk for cardiovascular diseases.
The vascular dysfunction tendency observed in our study is consistent with a previous study of isolation and confinement in the MARS-500 mission conducted in the same facility. Using echography in this study, Arbeille et al. (2014), have shown that the retinal vessel intima media thickness, but not the diameters, were significantly increased (14%–28%, p < 0.05) during isolation and immediately post-isolation in all six crew members. Monitoring changes in the retinal blood vessels is critical for the early detection and management of various cardiovascular and cerebrovascular disorders. An excellent meta-analysis has previously reported the predictive value of retinal vessel diameters for incident stroke in multiple large cohort studies (Streese et al., 2020). A follow-up period of 5–12 years documented a total of 945 stroke incidents (4.5%), revealing that wider venular diameters were associated with a higher incidence of stroke. The data indicated that for every 20 μm increase in venular diameter, the risk of stroke increased by 15%, with no significant correlation to arteriolar diameter, according to the Rotterdam Scan Study (McGeechan et al., 2009). This study concluded that venular dilation warrants further attention, as it could provide new insights into the pathophysiology of cerebral small vessel disease, echoing the suggestions made by our findings. Relevant to the limited physical activity in the isolated and confined conditions experienced by our participants, a wider CRVE (Central Retinal Vein Equivalent) was observed in sedentary individuals at risk compared to healthy ones, a finding supported by several other studies that described the impact of exercise on retinal vessel diameters (Hanssen et al., 2011; Streese et al., 2019). Consequently, an optimized and enhanced physical exercise program may be necessary in isolated environments during prolonged spaceflight. Additionally, CRVE widening has been associated with inflammatory states related to obesity, diabetes, and dyslipidemia, all of which may correlate with our findings but require further future investigations (Ikram et al., 2004; Liu et al., 2021). Although challenging to fully explain, the tendency for CRAE dilation rather than narrowing, potentially induced by stress in our isolated environment, is notable. This is especially significant since previous reports have linked CRAE narrowing with hypertension and endothelial dysfunction, both precursors to atherosclerosis and increased cardiovascular disease risk (Chew et al., 2012). For instance, a 16-year follow-up study among several others provided evidence that CRAE narrowing and CRVE widening were associated with a higher incidence of heart failure in both men and women (Chandra et al., 2019). The exact relationships between various retinal vascular parameters (CRAE, CRVE, and AVR) and the increased risk of cardiovascular disorders are not fully understood and required further investigations. However, in line with our findings, a decrease in the Arteriovenous Ratio (AVR) has consistently been observed in the majority of studies as a useful parameter for stratifying cardiovascular risk in patients (French et al., 2022).
Several cellular and molecular mechanisms have been shown to result in changes in retinal arteriolar and venular caliber (CRAE and CRVE) and arteriolar-to-venular ratio (AVR), especially during aging, and increased cardiovascular risk. These mechanisms include increased endothelin levels, reactive oxygen species, inflammation, insulin resistance, visceral adiposity, blood pressure, as well as decreased nitric oxide (NO) and other vasodilators, and endothelial progenitor cells (EPCs) (Wong et al., 2001; Gu et al., 2016; Hanssen et al., 2022).
Arterial stiffness has been shown to occur after a 6-month stay on the International Space Station. In both male and female astronauts, post-flight data showed up to 17%–30% changes in β-stiffness index (p = 0.006) as compared to preflight data (Hughson et al., 2016). Beside the effect of microgravity on inducing arterial stiffness in this study, a portion of this stiffness could be due to the stress induced by isolation and confinement, which would be consistent with the trend in our study that needs to be verified further in future and larger studies.
The limitation of our study is the smaller sample size, which is a common challenge in space-related studies. Therefore, further studies involving more participants are needed to confirm our results and achieve statistical significance, and to possibly elucidate the underlying mechanisms. In addition, some artifact data points were noticed due to, most likely, errors and unexperienced crew members in conducting the measurements. Thus, we considered only the reliable data points to draw most accurate conclusion.
Taken together, our results suggest that during 8-month isolation period of the SIRIUS analog mission, there is a trend of lower AVR and increased CRVE, which predicts a higher tendency for crew members to experience cerebrovascular and cardiovascular events in the future. The steeper upward elevation of CRVE with the slope of 1.676 ± 0.59, stronger correlation with Pearson’s r 0.784 compared to CRAE. These results revealed a stronger connection between CRVE and time points relative to the CRAE. This aspect of our conclusion should be interpreted with caution until further studies can verify it. Furthermore, our findings indicate a potential increase in vascular stiffness during and after the 8-month isolation period. This trend of higher arterial stiffness at the end of the mission may also place these analog participants at higher risk of cardiovascular diseases. Overall, our findings underscore the importance of investigating the effects of isolation and confinement on vasculature and highlight the need for continued research in this area as we work towards the goal of manned missions to Mars and beyond.
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Long-duration spaceflight poses a variety of health risks to astronauts, largely resulting from extended exposure to microgravity and radiation. Here, we assessed the prevalence and incidence of cerebral microbleeds in sixteen astronauts before and after a typical 6-month mission on board the International Space Station Cerebral microbleeds are microhemorrhages in the brain, which are typically interpreted as early evidence of small vessel disease and have been associated with cognitive impairment. We identified evidence of higher-than-expected microbleed prevalence in astronauts with prior spaceflight experience. However, we did not identify a statistically significant increase in microbleed burden up to 7 months after spaceflight. Altogether, these preliminary findings suggest that spaceflight exposure may increase microbleed burden, but this influence may be indirect or occur over time courses that exceed 1 year. For health monitoring purposes, it may be valuable to acquire neuroimaging data that are able to detect the occurrence of microbleeds in astronauts following their spaceflight missions.
Keywords: susceptibility weighted imaging (SWI), MRI, cerebral amyloid angiopathy (CAA), cerebrovascular, brain structure

INTRODUCTION
Forthcoming manned lunar missions, as well as prospective manned missions to Mars, underscore the importance of a deep understanding of both the short and long-term effects of spaceflight on astronauts’s health and wellbeing. Two salient environmental features present in spaceflight, microgravity and radiation exposure, are both known to produce medically-relevant changes to astronaut health. For instance, microgravity-induced bone density losses (Stavnichuk et al., 2020), muscle atrophy (Comfort et al., 2021), neuro-ophthalmic damage (Lee et al., 2020), and radiation-related cancer risks (Azzam et al., 2012) are all well-known health risks astronauts face during and following a spaceflight.
In addition to these risks, both prolonged microgravity exposure and increased exposure to ionizing radiation can produce a suite of changes to cardiovascular structure and function. Microgravity produces a cephalic fluid shift, diminished postflight orthostatic tolerance, cardiac arrhythmias (Anzai et al., 2014), arterial stiffening (Hughson et al., 2016), and potentially increases in intracranial pressure (Lawley et al., 2017), among other effects (Demontis et al., 2017). Increased exposure to ionizing radiation has also been shown to increase the risk of cardiovascular disease, by exacerbating atherosclerotic processes (Koutroumpakis et al., 2022), producing structural damage to blood vessels (Kuzichkin et al., 2022) and exacerbating microgravity-related thrombosis risks (Marshall-Goebel et al., 2019).
More recently, researchers have identified cerebral microbleeds (CMBs) as potential indicators of damage resulting from the cerebrovascular risks associated with spaceflight (Hähnel, 2020; Miller et al., 2022). Cerebral microbleeds are microhemorrhages (<10 mm in diameter) in the brain, producing covert lesions, and are visible as small hypointense foci on T2*-weighted gradient-recalled echo (GRE) and similar MRI sequences (Puy et al., 2021). Cerebral microbleeds represent powerful markers to identify the type and magnitude of small vessel disease, and are associated with an increased risk of cognitive impairment (Poels et al., 2012), stroke (Akoudad et al., 2015), and mortality (Akoudad et al., 2013). Importantly, they are considered early disease markers, often appearing in otherwise asymptomatic individuals before evidence of more serious morbidity (Igase et al., 2009).
Scientific investigation of small vessel disease typically focuses on the presence, quantity, and spatial location of cerebral microbleeds. With respect to location, cerebral microbleeds are typically localised as either “lobar” or “non-lobar[image: Sorry, I cannot provide a description of this image.] (Gregoire et al., 2009). Lobar microbleeds are located in one of the lobes of the cerebral cortex itself, including both the cortical grey matter as well as the adjacent subcortical white matter. Non-lobar microbleeds include both “deep” cerebral microbleeds (located in subcortical grey matter, i.e., the thalamus and basal ganglia, along with nearby white matter structures, e.g., the internal and external capsules and the corpus callosum) as well as “infratentorial” microbleeds located in the brainstem and cerebellum. Clinically, lobar and non-lobar cerebral microbleeds have been shown to have different primary underlying causes, with lobar microbleeds more related to Cerebral Amyloid Angiopathy (CAA), and non-lobar microbleeds more associated with hypertension and arteriosclerosis (Puy et al., 2021). There is also evidence that exposure to ionizing radiation, as present in many radiation therapies, such as those for cancer treatment, facilitates the development of cerebral microbleeds (Morrison et al., 2019).
Given the variety of risk factors present in spaceflight environments that may produce cerebrovascular damage, and the utility of cerebral microbleeds as early indicators of such damage, we set out to evaluate the presence of these biomarkers in a sample of astronauts before and after a typical mission onboard the International Space Station (ISS). In particular, we investigated if astronauts exhibit more cerebral microbleeds after spaceflight as compared to before spaceflight, and determined whether or not previous spaceflight exposure was associated with the presence of cerebral microbleeds cross-sectionally.
METHODS
Participants
We collected MRI data from 16 astronauts (seven female, aged M(SD) 45.72 (5.70) years old at first assessment), of which six had previous spaceflight experience (with mission durations of M(SD) 113.13 (74.38) days). Of these six individuals with previous spaceflight experience, their previous missions occurred M(SD) 2812 (822) days (i.e., averaging over 7 years) before our initial data collection. Data were collected at three time points, one before and two after typical missions onboard the ISS (lasting M(SD) 200.31 (44.01) days): the first data collection was performed about 7 months prior launch (M(SD) 213.63 (118.35) days), the second “early postflight” was performed about 2 weeks after landing (M(SD) 12.44 (1.82) days), and the third “late post flight” on 14 of the 16 subjects was performed about 7 months after landing (M(SD) 221.07 (44.58) days). This study was approved by the institutional review boards of NASA’s Johnson Space Center and the University of Calgary. All participants provided written informed consent, and NASA has reviewed this manuscript and ensured it is compliant with the privacy standards of the NASA Astronaut Office.
MRI data collection
At each of the three time points, we collected susceptibility-weighted images (SWI) using a 32-channel head coil on a 3T Siemens Verio MRI (running Syngo B19). SWI sequences are commonly used to identity cerebral microbleeds, and are more sensitive than T2*-weighted acquisitions (Shams et al., 2015). This gradient echo sequence had a 20.9 ms echo time, 2.9 ms repetition time, 20° flip angle, a pixel bandwidth of 121 Hz, and an in-plane acceleration factor of 3. Derived Siemens SWI images were produced by the acquisition software. Derived SWI slices had an axial-plane resolution of 0.625 × 0.625 mm and a left-right FOV of 288 voxels, and an anterior-posterior FOV of 384 voxels, with 72 slices spaced 2 mm apart.
Microbleed identification
To identify microbleeds from the SWI images, we utilized heterogeneous methods and three raters with varying degrees of proficiency. Our expert rater, MW, has 10 years of experience as a board certified neuroradiologist in clinical and academic practice. Student raters, PT and AY were naive to microbleed identification prior to this project. FB ensured that raters were blinded to any data identifiers and administered a two-step CMB identification procedure. The first step was intended to have raters identify candidate CMBs across the entire dataset, and the second step was to generate explicit confirmation on the absence or presence of deduplicated and unified candidates across different timepoints and all raters. For the first step, the expert rater performed microbleed identification utilizing exhaustive manual identification. Student raters utilized a semi automated approach (Bian et al., 2013; Morrison et al., 2018) in which CMB candidates are identified automatically, and each student rater then manually pruned candidates to remove what they believed were false positive identifications.
After the first step was completed, FB deduplicated microbleeds identified by the raters, and unified identified microbleeds across different timepoints. This required moving the collected SWI volumes at different time points into alignment with one another using a rigid body registration in antspyx version 0.3.8. To ensure the appearance or disappearance of microbleeds from time point to time point was not due to rater error, FB then presented each unique microbleed candidate identified by any rater alongside the same volume in other timepoints from the same subject, and asked raters to identify the presence or absence of the microbleed candidate at each timepoint. Candidates were presented to raters in axial 64 × 64 patches, and raters were able to view three slices above and below the candidate centroid. At this stage, raters were presented with 21 unique candidates across three timepoints, requiring them to explicitly affirm or deny the presence of a microbleed in 63 images. Expert rater MW and student rater PT positively flagged the same 51 candidates and negatively flagged the remaining 12, resulting in a Cohen’s Kappa of 1. Student rater AY positively flagged the same 51 candidates, as well as an additional 2, resulting in a Cohen’s Kappa of 0.89 between AY and the other raters. Reported results are majority consensus, which are equivalent to the expert rater’s judgement.
Analyses
We used paired-samples t-tests to compare microbleed counts, as well as microbleed presence (a boolean version of the microbleed count) between each adjacent time point. Other factors of interest that may influence the presence or quantity of microbleeds, i.e., previous spaceflight experience and age at time of preflight testing, were assessed with independent samples t-tests and bivariate correlation, respectively. For context, literature-derived microbleed incidences were compared against our sample incidences utilizing binomial tests. Due to the well-known sensitivity differences between different MRI field strength (Stehling et al., 2008; Conijn et al., 2011) and acquisition parameters (i.e., T2* GRE vs. SWI) (Goos et al., 2011; Shams et al., 2015), we restricted our literature comparisons to the studies using similar acquisition paradigms (Yates et al., 2014), i.e., SWI data collected at 3T, and did not include comparisons with literature values derived from larger studies with different acquisition paradigms (Poels et al., 2010).
RESULTS
Microbleeds identified by majority consensus across our dataset are reported in Figure 1 and depicted in the Appendix Figure A1. We did not detect any microbleeds in the majority (i.e. 62.5%) of our participants at preflight timepoints. However we did detect 15 microbleeds in the remaining six (out of 16) participants at preflight, with individual counts ranging from a single to six microbleeds. At the early postflight time point, approximately 2 weeks after landing, we detected 17 microbleeds: three new microbleeds appearing in one participant and one microbleed in a different participant resolving. Finally, at our final time point, approximately 7 months after landing, we identified a total of 19 unique microbleeds, with novel microbleeds appearing in two subjects. All microbleeds identified in our dataset were lobar cerebral microbleeds; neither deep nor infratentorial microbleeds were detected. These lobar microbleeds were located most commonly in the frontal (60%) and temporal lobes (35%), with a single microbleed identified in the parietal lobe.
[image: Table and charts showing cerebral microbleed counts, examples, prevalences, and age differences. It includes pre-flight and post-flight data, sample brain scans, pie charts of microbleed prevalences, and a box plot of age differences. Subjects are categorized by experience level.]FIGURE 1 | Cerebral microbleed counts and examples in a sample of 16 astronauts before and after a typical spaceflight mission. Exemplar (A) depicts a cerebral microbleed that remains present across preflight and postflight time points. (B) depicts a microbleed that manifested between the preflight and postflight time points. (C) depicts the only microbleed that appeared to resolve between preflight and postflight time points.
Generally, we did not detect any statistically significant increase in the presence or count of microbleeds after a typical stay onboard the ISS. Total microbleed count nominally increased from preflight to early postflight (Δ = 2, t15 = 0.620, p = .544, d = 0.155), and from early postflight to late postflight (Δ = 2, t15 = 1.472, p = .165, d = 0.393). We did not identify any instances of astronauts developing their first microbleed after spaceflight, and all novel microbleed identification was in individuals who exhibited microbleeds at our preflight assessment.
Astronauts with previous spaceflight experience demonstrated a nonsignificant trend towards being more likely to have a higher total microbleed count (t14 = 1.945, p = .072, d = 1.004), but no significant difference in simple microbleed presence (t14 = 0.764, p = .458, d = 0.524). However, astronauts with previous spaceflight experience were older than astronauts without previous experience (MD = 9.01 years, t14 = 4.827, p < .001, d = 2.493). Age is a known factor associated with an increased prevalence of cerebral microbleeds (Poels et al., 2010). In our dataset, astronaut age was not significantly associated with the presence (r = .304, p = .253) or amount (r = .297, p = .264) of microbleeds, but these effects trended in the directions expected by the previous literature. Reference prevalence estimates in healthy individuals using similar acquisition paradigms is limited. However, Yates and others (Yates et al., 2014) enumerated three studies that collected data in healthy controls utilizing SWI at 3T. These studies reported microbleed prevalences of 8.7% (Gao et al., 2008), 14% (Haller et al., 2010), and 19% (Yates et al., 2011) in samples of 23, 35, and 84 individuals, respectively. Mean group ages in these studies ranged from 63.7 to 74.6 years old, making them notably older than our astronaut group at a mean age of 45.72 years. Microbleed prevalence at our preflight time point in all sixteen astronaut participants, at 37.5%, trends higher than these three estimates (p = .002, p = .017, and p = .101, respectively). In the six astronauts with previous spaceflight experience (aged M(SD) 51.35 (2.089) years), microbleed prevalence at preflight timepoints was quite high, at 50%, trending above the literature estimates in older healthy samples (p = .011, p = .039, p = .087, respectively). The astronauts without previous spaceflight experience showed much lower prevalence, at 30%, a difference that did not significantly differ from literature values at this sample size (p = .050, p = .151, p = .414, respectively).
DISCUSSION
Astronauts are exposed to a variety of health threats during spaceflight. Here, we investigated the prevalence and incidence of cerebral microbleeds, small microhemorrhages indicative of cerebrovascular damage. We did not find strong evidence that spaceflight produced an increase in the incidence of cerebral microbleeds up to approximately 7 months after a typical mission onboard the ISS. We did, however, identify an increased prevalence of cerebral microbleeds in astronauts as compared to the non-astronauts samples reported in the literature, particularly in those astronauts with previous spaceflight experience. Interestingly, all 20 unique microbleeds that we identified were lobar grey and white matter bleeds, and we did not identify any deep or infratentorial microbleeds.
Strictly lobar microbleeds are a radiological feature typically associated with cerebral amyloid angiopathy (CAA), a cerebrovascular disease characterized by amyloid-β peptide deposition (Jung et al., 2020). CAA can be caused by the same amyloid protein that is associated with Alzheimer’s disease, but can also be present in individuals without a history of dementia (Cozza et al., 2023). The presence and quantity of cerebral microbleeds we have detected here is not direct and conclusive evidence of CAA, as conclusive diagnoses are typically done via autopsy (Charidimou et al., 2022). However, other research by Zu Eulenburg and others (Zu Eulenburg et al., 2021) in cosmonauts following typical missions onboard the ISS has identified increased levels of a handful of blood-based biomarkers of brain injury and neurodegeneration. These findings highlighted varying increases in levels of neurofilament light chain, tau, and Amyloid β 40 and 42 proteins at different points up to 3 weeks after cosmonauts returned from their missions. Zu Elenburg and others interpreted these findings as evidence of postflight reparatory processes following spaceflight-related brain injury.
An additional neurological feature associated with small vessel disease is the volume of perivascular spaces (PVS) - small fluid-filled regions adjacent to cerebral vasculature that facilitate fluid drainage and waste exchange (Wardlaw et al., 2020). Much like the presence of CMBs, enlarged PVS are considered markers of small vessel disease (Gyanwali et al., 2019). Recent studies in astronauts have identified that ISS missions were associated with an increase in PVS (Barisano et al., 2022), but astronauts with prior spaceflight experience appeared to be resilient to this effect (Hupfeld et al., 2022). In contrast to the observed pattern of cerebral microbleed prevalences, changes in PVS appear to be affected by spaceflight in a more acute manner, and most saliently in novice astronauts (Hupfeld et al., 2022). It is possible that both enlarged PVS and cerebral microbleeds are caused by a common feature of spaceflight, with PVS changes more acutely sensitive and the microbleeds manifesting later.
However, our findings did not reveal salient increases in the number of microbleeds between preflight and postflight in our sample, undermining the interpretation that spaceflight plays a causal role in increasing microbleed prevalence. It is possible that the postflight time frame of approximately 7 months was of insufficient duration for microbleeds to manifest after spaceflight exposure. For instance, a study investigating the time course of cerebral microbleed burden after radiation therapy found that microbleed count increased by 18% per year following treatment (Morrison et al., 2019). The highest microbleed burden reported in this study in an individual approximately 15 years after radiation therapy, suggesting the most salient microbleed burden should not be expected to follow immediately after radiation exposure, as an example of a mechanism that may be driving the effect we have observed. In our sample, astronauts with prior spaceflight experience landed from their last mission an average of over 7 years prior to testing, giving ample time for microbleeds to manifest. This process may not explain the presence of microbleeds in our participants without previous spaceflight experience, as their cumulative radiation exposure is likely lower than that of the astronauts with such experience. However, CMB incidence has been seen following exposure to other “extreme environments”, such as following high altitude cerebral edema (Kallenberg et al., 2008), and related markers of neurological damage may be present in air force pilots (Lim et al., 2012), all reinforcing the possibility that multiple causal factors may be driving these effects.
In conclusion, our study did not provide evidence of increased incidence of cerebral microbleeds up to 7 months following a low earth orbit spaceflight. However, we have identified preliminary evidence that prior spaceflight experience is associated with abnormally high cerebral microbleed prevalence. This is particularly concerning for astronaut health considering the fact that astronauts typically display strong “healthy participant” effects, and are generally expected to show lower morbidity and mortality than the general population (Reynolds and Day, 2019; Reynolds et al., 2021). It does, however, support previous researchers’ suggestions that spaceflight may produce neurological damage (Zu Eulenburg et al., 2021), and parallels the “rapid aging” paradigms supported by astronaut musculoskeletal degeneration (Vernikos and Schneider, 2010), as we observed microbleed burdens in otherwise healthy astronauts that met or exceeded those in healthy controls decades their senior. Future research will need to more clearly establish the prevalence, mechanisms, and time course of this potential cerebral microbleed burden in astronauts. As with many studies in astronaut populations, our sample size is small, and larger studies are needed to validate the effects we have reported to ensure they are not spurious or misattributed. Future work will also need to ensure that astronaut and comparison samples have similar ages, as spaceflight veterancy was confounded with age in our sample, preventing us from asserting a causal association between prior spaceflight experience and microbleed incidence. Unfortunately, NASA’s current Lifetime Surveillance of Astronaut Health Program MRI protocol does not include sequences appropriate for microbleed identification. Inclusion of an SWI (or manufacturer-equivalent), Quantitative Susceptibility Mapping (QSM), or a more innovative sequence (Sun et al., 2020) may be important to implement to monitor astronaut health and properly evaluate the cerebrovascular risk associated with spaceflight.
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APPENDIX
[image: Medical imaging scans of six subjects, labeled Subject 1 to Subject 6, showing brain microbleeds. Each subject has pre-flight and post-flight scans, highlighting changes. The scans vary in format and illustration.]FIGURE A1 | All positively identified microbleeds. Subject numbers correspond to those presented in Figure 1.
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Head-down bed rest (HDBR) is one of the models of the physiological effects of weightlessness used, among other things, to assess the effect of hypokinesia on the physiological systems of the human body and, first of all, on the cardiovascular system. The aim of the work was to study the effect of 21 days of HDBR factors on the cardiovascular system based on blood proteomic profile data. It was revealed that HDBR conditions led to an increase in the levels of proteins of the complement and the coagulation cascade systems, platelet degranulation, fibrinolysis, acute phase proteins, post-translational modification of proteins, retinol-binding protein 4 (RBP4), apolipoprotein B, which are associated with cardiovascular diseases, and other proteins that affect the functions of endothelial cells. Blood levels of proteins involved in cytoskeletal remodelling, oxygen transport, heme catabolism, etc. have been shown to decrease during HDBR.
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1 INTRODUCTION
Head-down bed rest (HDBR) is not only one of the models of the physiological effects for weightlessness, but also for hypodynamia, which can be considered as an inevitable companion of scientific and technological progress, accompanied both by a significant reduction in the amount of physical labour and by a characteristic lifestyle that has become more and more widespread in recent times. The modern lifestyle leads to metabolic changes and a deterioration in vascular function, which can ultimately have a negative impact on health. As noted, hypokinesia (a sharp reduction in motor activity, a decrease in muscle work), along with the spread of a Western diet, is one of the most serious causes of the emergence and threateningly rapid spread of cardiovascular and neurological diseases, as well as diseases associated with disorders of the gastrointestinal tract, endocrine glands and other organs and systems (Davies et al., 2017).
It is known that exposure to HDBR is associated with the development of compensatory adaptive responses involving the cardiovascular, endocrine, central, and peripheral nervous systems (Boutouyrie et al., 2022; Buoite et al., 2021; Blanc et al., 2000). During the acute phase of HDBR, participants experience a decrease in circulating plasma volume and a movement of extracellular fluid and blood volumes in a cranial direction (Millet et al., 2001). The responses of the cardiovascular system to blood redistribution are currently being actively investigated. In a 21-day HDBR experiment, a decrease in left ventricular mass and diastolic volume was observed (Greaves et al., 2019). A decrease in the heart volume leads to lower cardiac output (decrease in systolic and minute blood volume). In this case, the heart rate increases both at rest and during exercise. The redistribution of vasoconstrictor and pressor influences in the vessels of different regions of the body observed during HDBR (Baranov et al., 2016) also affects systemic hemodynamics and cardiovascular system (CVS) function. It has recently been shown that HDBR causes a significant increase in aortic stiffness, the parameters of which did not fully recover 1 month after the end of the experiment, and significant changes in the size of the thoracic aorta and the muscular arteries of the lower body were also revealed (Boutouyrie et al., 2022).
It has been shown that carbohydrate metabolism is also altered in HDBR: insulin secretion increases and glucose tolerance decreases (Blanc et al., 2000; Afonin, 1989). The development of insulin resistance can lead to endothelial dysfunction, which does not allow the vessels to function effectively and is dangerous because of the possibility of developing cardiovascular disease. Therefore, early prevention of insulin resistance and endothelial dysfunction and the search for means and methods to restore vascular function remain the most promising areas in the prevention and treatment of cardiovascular disease.
It is well known that prolonged bed rest causes muscle wasting. Proteomic methods have shown that HDBR leads to changes in the levels and phosphorylation of structural and metabolic muscle proteins (Dillon et al., 2019). Inhibition of muscle focal contact proteins and an increase in the levels of antioxidant response pathway proteins in slow (but not fast) muscle fibres were also observed. HDBR activated markers of neuromuscular damage (Murgia et al., 2022). Proteomic analysis of urine proteins from volunteers participating in HDBR suggested that blood coagulation processes such as fibrinolysis and regulation of cell adhesion were aimed at maintaining homeostasis and were activated in the early period of the experiment. Under the influence of a complex of factors of long-term bed rest, proteolysis and metabolism of oligosaccharides were activated (Pastushkova et al., 2017).
In recent years, proteomics methods based on mass spectrometry have been widely used to study the protein composition of body fluids from healthy individuals in order to analyse biological processes in the body. Understanding protein expression is the key to deciphering the mechanisms of action of various factors and, ultimately, to finding effective countermeasures to prevent adverse changes. The study of the composition of blood proteins functionally associated with the cardiovascular system by proteomic methods will contribute to the understanding of the mechanisms underlying cardiovascular changes under the influence of hypokinesia conditions. This knowledge may also help to understand the pathophysiology of common cardiovascular diseases. In this work, the protein composition of the blood plasma of volunteers was studied using proteomic methods to elucidate the molecular mechanisms of the changes that occurred during the 21-day HDBR.
2 METHODS
2.1 Design of HDBR
The 21-day HDBR study involved 6 healthy men aged between 24 and 41 years. Each participant voluntarily signed an Informed Consent form after the potential risks, benefits and nature of the study were explained. All subjects were confirmed by a committee of medical experts to be in good health, free of chronic disease, and with a normal body mass index. All participants in the experiment were placed in a head-down position on a bed with an inclination angle of -6° for 21 days. Venous blood was collected in Vacuette EDTA tubes on an empty stomach 6 days before the start of the experiment and on the 21st day of HDBR.
2.2 Preparation of plasma samples for proteomic analysis
Plasma samples were purified from major proteins using Top 12 columns (Pierce Chemical Co., United States of America) and then standard sample preparation, including the steps of reduction, alkylation, precipitation, and trypsinolysis, was performed (Kashirina et al., 2020). The resulted tryptic peptide mixture was analyzed using liquid chromatography–mass spectrometry method based on a nano-HPLC Dionex Ultimate3000 system (Thermo Fisher Scientific, United States of America) and a timsTOF Pro (Bruker Daltonics, United States of America) mass spectrometer. Peptides were separated using a packed emitter column (C18, 25 cm × 75 μm x 1.6 µm) (Ion Optics, Parkville, Australia) at a flow rate of 400 nL/min by gradient elution with 4%–90% phase B during 40 min. Mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in acetonitrile.
Mass spectrometric analysis was performed using the Parallel Accumulation - Serial Fragmentation (PASEF) acquisition method (Meier et al., 2018). An electrospray ionization (ESI) source was operated at a capillary voltage of 1500 V, an end plate bias of 500 V and 3.0 L/min of dry gas at temperature of 180°C. The measurements were carried out in the m/z range from 100 to 1700 Th. The ion mobility was in the range from 0.60 to 1.60 V s/cm2. The total cycle time was 1.88 s and the number of PASEF MS/MS scans was set to 10.
2.3 Data analysis
The resulting LC-MS/MS data were analyzed using PEAKS Studio 8.5. Only proteins identified by at least 2 peptides, one of which was specific for a particular protein, were subjected to further analysis. The given limiting parameters were as follows: parent mass error tolerance - 20 ppm; fragment mass error tolerance - 0.03 Da; enzyme - trypsin; the maximum number of missed cleavages - 3; fixed modifications - carbamidomethyl C); variable modifications - oxidation M), acetylation (N-terminus). The false positive rate (FDR) threshold was set to 0.01.
All the LC-MS/MS results have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset identifier PXD053149.
2.4 Statistical and bioinformatic methods of data processing
Statistical analysis was carried out using the Statistica 12 program. The homogeneity of sample variances was assessed using the Levene test. The normality of data distribution in each group was determined using the Shapiro-Wilk test. In the absence of normal distribution and equal variances, the Mann-Whitney test was used, which is a nonparametric alternative to the t-test.
Molecular functions and biological processes enriched with the identified proteins were determined using the STRING web resource (https://string-db.org), and the search for links with processes associated with the cardiovascular system was performed using the ANDSystem program (http://www-bionet.sscc.ru/and/cell).
3 RESULTS
As a result of proteomic analysis, 533 different proteins were identified in plasma samples. Based on statistical analysis using the Mann-Whitney test (p-value <0.05), 25 proteins were identified whose levels changed significantly by the end of HDBR. Among the 17 proteins whose concentration increased by the end of the experiment (Figure 1A), there were proteins involved in the complement and coagulation cascade (C3, FGB, SERPINF2, SERPINC1, SERPINA1), acute phase response (ITIH4, SERPINF2, SERPINC1, GIG25, SERPINA1), platelet degranulation (ITIH4, FGB, SERPINF2, GIG25, SERPINA1), blood coagulation (FGB, SERPINF2, SERPINC1), fibrinolysis (FGB, SERPINF2), transport (APOB, TTR, C3, CP, HPX, ITIH4, FGB, SERPINF2, SERPINC1, RBP4, GIG25, SERPINA1, GC), retinoid metabolic processes (APOB, TTR, RBP4), etc. (Figure 1B).
[image: A: Network diagram showing interactions between various proteins, represented as colored nodes connected by lines. B: Bar charts displaying biological processes and KEGG pathways for up-regulated proteins, including acute inflammatory response and complement and coagulation cascades. C: Pathway map highlighting protein interactions and pathways involved in the up-regulation process.]FIGURE 1 | (A) Upregulated protein interaction network constructed using the STRING web resource. (B) Biological processes and KEGG pathways involving overexpressed proteins. (C) Connections of proteins significantly changed by the end of HDBR with the processes occurring in the cardiovascular system.
It was found that eight proteins, the concentration of which significantly decreased by the end of HDBR, had various functions from mRNA splicing and cell cytoskeleton remodeling, to heme catabolism and oxygen transport (Table 1). However, processes and pathways connecting these proteins have not been identified.
TABLE 1 | Functions of downregulated proteins.
[image: Table listing genes, associated proteins, and their functions. BPGM: Bisphosphoglycerate mutase, regulates hemoglobin's affinity to O2. SLU7: Pre-mRNA-splicing factor, involved in mRNA splicing. CAPNS1: Calpain subunit, remodels the cytoskeleton. HBD: Hemoglobin subunit delta, aids in oxygen transport. S100A8: Protein S100-A8, regulates inflammatory responses. BLVRB: Flavin reductase, reduces flavins, aids heme catabolism. MYO1C: Myosin-Ic, aids intracellular movement and glucose transporter regulation. UBE2V1: Ubiquitin-conjugating enzyme, controls cell cycle and differentiation.]4 DISCUSSION
4.1 Comparison of results with literature data
Our data are confirmed by previous studies of HDBR. Thus, it has been shown that there is an increase in the concentration of FGB (fibrinogen), ITIH2 and ITIH4 (inter-alpha-trypsin inhibitor heavy chains 2 and 4), and SerpinF2 (α2-antiplasmin) in HDBR (Kashirina et al., 2020). Although microgravity simulation experiments did not reveal activation of the coagulation cascade during the experiments (Haider et al., 2013; Cvirn et al., 2015). However, after 21 days of HDBR in the recovery period, there was an increase in the peak and rate of thrombin formation (Waha et al., 2015), which indicated an increased risk of thrombosis after the end of the experiment (Cvirn et al., 2015; Waha et al., 2015). Apparently, at the end of the experiment, increased hydrostatic pressure and shear stress in unadapted lower body vessels cause activation of blood coagulation mediated by the endothelial cell secretome (Cvirn et al., 2015). Therefore, the study of the proteomic composition of blood, which is in direct contact with endothelial cells, can shed light on the functional state of endothelial cells or reveal blood proteins that contributed to the balance shift toward procoagulation properties of the endothelium.
In this experiment, one of the possible reasons for the decrease of bisphosphoglycerate mutase (BPGM) and hemoglobin subunit delta (HBD) levels could be a decrease in red blood cell mass (RBCM), however, studies show that RBCM does not decrease in short bed rests (Branch et al., 1998) or decreases only after the end of the experiment (Leach and Johnson, 1984). Although there is evidence of a significant decrease in erythropoietin during HDBR (Gunga et al., 1996), which was observed in HDBR as early as the first few days, the effect of erythropoietin on RBCM could not have occurred in such a short time. Regarding long-duration spaceflight, the phenomenon of hemolysis is widely documented (Trudel et al., 2022), but no hemolysis was detected under conditions of short HDBR. On the contrary, HDBR caused hemoconcentration, and circulating parameters of hemolysis remained unchanged throughout bed rest (Trudel et al., 2017).
4.2 Association of up- and downregulated proteins with processes occurring in the CVS
Within the framework of this study, the relationships between significantly changed proteins and processes occurring in the CVS were analyzed using the ANDSystem program. This approach identified proteins directly or indirectly related to processes such as activation and apoptosis of endothelial cells, VEGF signaling, vasoconstriction, vasodilation, and angiogenesis (Figure 1C).
One of the proteins, RBP, retinol-binding protein 4, has been associated with processes directly related to the heart: negative regulation of heart muscle cell proliferation, heart muscle development (Figure 1C). RBP4 is an adipokine whose main function is retinol transport, but its association with cardiovascular disease (CVD) is now widely known: it correlates with increased thickness of the carotid intima-media complex, early onset of cardiovascular disease [Li et al., 2019 RBP4 is thought to mediate insulin-induced VSMC proliferation and contribute to the development of atherosclerosis (Li et al., 2014). The effect of RBP4 on the cardiovascular system may be mediated by endothelial cells, as carbachol-induced endothelium-dependent vasodilation of carotid arteries ex vivo was enhanced in RBP4 knockout mice and, conversely, reduced in RBP4 overexpressing mice (Kraus et al., 2015). Elevated levels of RBP4 attract macrophages to adipose tissue and promote local inflammation by causing macrophages to secrete pro-inflammatory cytokines: nuclear factor κ-B (NFκB), c-Jun N-terminal kinases (JNK), and interleukin 1β, leading to insulin resistance (Yang et al., 2005). The level of this protein decreased during exercise (60 min of bicycling and running per day for at least 3 days per week) (Graham et al., 2006). Moreover, serum RBP4 levels decreased in people in whom exercise improved insulin sensitivity, but not in those people in whom this effect was not achieved (Graham et al., 2006), indicating an RBP4-mediated link between a physically inactive lifestyle and insulin resistance. Moreover, studies in mice have shown that elevated serum levels of RBP4 can induce insulin resistance (Yang et al., 2005). Thus, accurate measurements of serum RBP4 levels can provide a quantitative measure of disease severity and guide the development of drugs to improve insulin sensitivity. In addition, since RBP4 levels are elevated in the serum of thin, non-diabetic but insulin-resistant individuals with a high genetic risk of developing type 2 diabetes (Graham et al., 2006), RBP4 may be useful as an early marker of diabetes risk.
Among other things, GLUT4 protein (the main insulin-stimulated glucose transporter) in adipocytes and serum RBP4 levels have been shown to be inversely correlated (Graham et al., 2006). Although we did not detect GLUT4 in the samples, nevertheless, by day 21 of HDBR, a significant decrease in the concentration of actin-associated molecular motor protein (MYO1C) was detected, which, as shown in the article (Toyoda et al., 2011), is able to regulate glucose uptake and improve insulin sensitivity. It is known, that HDBR conditions affect carbohydrate metabolism - insulin secretion increases and impaired glucose tolerance develops (Afonin, 1989). Insulin resistance can cause endothelial dysfunction, which is dangerous for the development of cardiovascular diseases. Thus, during HDBR the level of RBP4 increased, altering insulin sensitivity and modulating the molecular interrelations of other cardiovascular risk factors.
Apolipoprotein B (APOB), which is the only apolipoprotein of low-density lipoproteins that causes cholesterol accumulation in vessel walls, also plays an important role in the regulation of endothelial function. It has been demonstrated that apolipoprotein B impairs endothelium-dependent vasodilation with attenuation of NO-mediated pathway efficiency (Zhang et al., 2014). This agrees well with the results of a large cohort study of 1,016 subjects which showed that the level of apolipoprotein B is inversely correlated with endothelium-dependent vasodilation (Lind, 2007).
The link with cardiovascular processes is also demonstrated by complement component C3, which plays a central role in all three pathways of complement system activation: classical, alternative and lectin. The endothelial monolayer of all blood vessels, due to its location, is in close contact with the circulating complement components. Some of the complement factors can directly or indirectly affect the endothelium (Hertle et al., 2014). Endothelial cells express anaphylatoxin receptors and complement regulators on their surface, suggesting that they are a direct target of complement molecules (Propson et al., 2021; Schraufstatter et al., 2002). C3a, C5a, and C5b have been shown to induce the expression of adhesion molecules and pro-inflammatory cytokines in endothelial cells in vitro (Bossi et al., 2011), which initiates and promotes the development of atherosclerosis. It should be noted that proteins of the complement system had the highest representation among the proteins specific for 21 days of HDBR, confirming the involvement of the complement system in response to bed rest conditions.
5 CONCLUSION
HDBR conditions led to an increase in the levels of proteins involved in the complement system and the coagulation cascade, platelet degranulation, fibrinolysis, acute phase proteins, post-translational modification of proteins and other proteins that affect the functions of endothelial cells (Figure 2). At the same time, the levels of proteins involved in amino acid biosynthesis, glycolysis, oxygen transport, heme catabolism, etc., decreased in the blood of healthy volunteers.
[image: Flowchart illustrating the progression from head-down bed rest to CVD risk factors. It begins with head-down bed rest causing hypokinesia, fluid redistribution, and changed gravity force vector. This leads to increased levels of specific proteins and inhibitors. Finally, CVD risk factors include insulin resistance, endothelial dysfunction, complement system activation, coagulation cascade, and acute phase response.]FIGURE 2 | Schematic presentation of results in the context of human health.
Thus, on day 21 of HDBR, the levels of RBP4, APOB and C3 proteins increased, each of which plays an important role in one way or another in modulating the properties of the endothelium and contributing to the development of atherosclerosis, which is a precursor of many cardiovascular diseases. Identification of the molecular mechanisms of changes in vascular endothelial function may help to develop preventive measures to counteract the negative effects of prolonged hypokinesia. And although 21 days of HDBR is not enough for the development of serious clinically significant changes in the activity of the cardiovascular system, we can still capture the first molecular reactants to the conditions of hypodynamia and hypokinesia, which may trigger subsequent processes associated with deterioration in the activity of blood vessels and the heart, which can no longer be reversed. It is therefore particularly important to identify early signs of changes in vascular function that can still be compensated for.
6 LIMITATIONS
Finally, the limitations of this work should be noted. The main physiological mechanisms that trigger changes in the blood proteomic profile are associated with thoracocranial redistribution of blood (Millet et al., 2001), changes in the regulation of vascular tone (Rusanov et al., 2020), a decrease in cardiac output under conditions of HDBR (Greaves et al., 2019). However, this study did not include an instrumental study of the above indicators. Another limitation of the work is the study of a small sample of subjects, but such complex human studies are mostly carried out on a small sample and provide unique results of theoretical and practical importance.
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Introduction: Space is a unique environment characterized by isolation from community life and exposure to circadian misalignment, microgravity, and space radiation. These multiple differences from those experienced on the earth may cause systemic and local tissue stress. Autonomic nerves, including sympathetic and parasympathetic nerves, regulate functions in multiple organs. Saliva is secreted from the salivary gland, which is regulated by autonomic nerves, and plays several important roles in the oral cavity and digestive processes. The balance of the autonomic nervous system in the seromucous glands, such as the submandibular glands, precisely controls serous and mucous saliva. Psychological stress, radiation damage, and other triggers can cause an imbalance in salivary secretion systems. A previous study reported that amylase is a stress marker in behavioral medicine and space flight crews; however, the detailed mechanisms underlying amylase regulation in the space environment are still unknown.
Methods: In this study, we aimed to elucidate how lunar gravity (1/6 g) changes mRNA expression patterns in the salivary gland. Using a multiple artificial gravity research system during space flight in the International Space Station, we studied the effects of two different gravitational levels, lunar and Earth gravity, on the submandibular glands of mice. All mice survived, returned to Earth from space, and their submandibular glands were collected 2 days after landing.
Results: We found that lunar gravity induced the expression of the salivary amylase gene Amy1; however, no increase in Aqp5 and Ano1, which regulate water secretion, was observed. In addition, genes involved in the exocrine system, such as vesicle-associated membrane protein 8 (Vamp8) and small G proteins, including Rap1 and Rab families, were upregulated under lunar gravity.
Conclusion: These results imply that lunar gravity upregulates salivary amylase secretion via Rap/Rab signaling and exocytosis via Vamp8. Our study highlights Amy1 as a potential candidate marker for stress regulation in salivary glands in the lunar gravity environment.
Keywords: lunar gravity, salivary gland, small G protein, amy1, microarray

1 INTRODUCTION
The transition from 1 g to the space environment changes not only gravity but also various other conditions such as the circadian rhythm (Otsuka et al., 2018) and exposure to cosmic rays (Zeitlin et al., 2013). It is important to elucidate the medical risks that humans face when living in a space environment, such as the oxidative stress caused by cosmic radiation (Overbey et al., 2019) and mechanical stress caused by microgravity (Dadwal et al., 2019). Artificial imitation of these environments may provide an understanding of gravitational physiology and determine how to avoid space stress.
A previous study showed that the gravitational threshold in the space environment provides a platform for exploring the mechanisms controlling the skeletal muscle response to alterations in gravity (Hayashi et al., 2023). Elucidation of the functional changes and molecular mechanisms involved may lead to the development of strategies to maintain human health during future long-term space travel. The musculoskeletal system and muscle movement controlled by somatic nerves have been studied previously in space and artificial gravitational environments (Juhl et al., 2021; Hayashi et al., 2023). Although studies on the heart rate and activity rhythms controlled by the autonomic nervous system in space are addressed (Blaber et al., 2004; Liu et al., 2015), research on the salivary glands, which are representative of local fluid balance regulation by the system, are limited. Saliva maintains the moist environment of oral tissues and is essential not only for feeding, mastication, and swallowing food but also for oral functions such as digestion, and articulation. In addition, saliva has antibacterial properties that help control the growth of harmful bacteria in the mouth, contributing to oral hygiene and prevention of dental issues such as cavities and gum disease. Saliva helps maintain pH balance in the mouth and neutralizes the acids produced by bacteria, thereby reducing the risk of tooth decay and erosion. It plays a role in taste perception by dissolving food particles and allowing them to interact with the taste buds in the tongue. Therefore, saliva is a multifunctional fluid that contributes significantly to oral and digestive health. Insufficient saliva production, known as dry mouth or xerostomia, can lead to various oral health problems and difficulties chewing, swallowing, and speaking. However, little is known about the regulatory mechanisms of salivary secretion during spaceflights.
In this study, we collected submandibular glands from mice exposed to artificial lunar gravity.
Among the major salivary glands, the large amount of saliva secretion comes from the submandibular gland. Therefore, we thought that changes in salivary gland mRNA due to environmental changes might be more clearly observed in the submandibular gland compared to other salivary glands. In addition, the submandibular gland is a mixed gland, and we considered that it would be a good model to observe the control mechanism and balance of protein secretion and water secretion by the sympathetic and parasympathetic nerves, i.e., under autonomic regulation.
Artificial lunar gravity was developed using multiple artificial gravity research systems (MARS) that use a centrifuge to create artificial gravity, enabling comparative studies between the effects of gravity and microgravity in space (Shimbo et al., 2016; Shiba et al., 2017; Okada et al., 2021). This system has contributed to analysis of sulfur metabolomic and transcriptomic changes in the liver (Kurosawa et al., 2021), metabolic effects in adipose tissues (Suzuki et al., 2020; Uruno et al., 2021), blood parameters changes (Shimizu et al., 2023), bone mineralization, blood pressure, and lipid metabolism in mouse kidneys (Suzuki et al., 2022) during space travel. This study investigated the basic foundations for oral clinical medicine under lunar gravity. We sought to understand whether lunar gravity (1/6 g) influence the mRNA expression in salivary glands during space flight. Using the developed MARS, two independent missions (MHU-4 and MHU-5) were conducted in the space. Using the MARS system, we analyzed the mRNA expression of the whole submandibular gland tissue of mice raised under lunar (1/6 g) and Earth gravity (1 g).
2 MATERIALS AND METHODS
2.1 Animals
C57BL/6 J male mice (Stock #000664) obtained from Jackson Laboratories (Bar Harbor, ME, United States) and Charles River Laboratories (Wilmington, MA, United States) were used for the MHU-4 and -5 missions. All experiments were approved by the Institutional Animal Care and Use Committee of the Japan Aerospace Exploration Agency (JAXA) (Protocol Number: No. 018-011D for MHU-4 and No. 018-036D for MHU-5), Explora Biolabs (Study Number: No. EB19-003 for MHU-4 and No. SP19-003 for MHU-5), and the National Aeronautics and Space Administration (NASA) (Protocol Number: No. FLT-18-118 for MHU-4 and No. JAXA MHU-5/FLT-19-121 for MHU-5). All experiments were conducted in accordance with the guidelines and applicable laws of Japan and the United States.
2.2 MHU missions
The ground control group (GC) comprised of six age-matched (9-week-old) male C57BL/6 J mice per mission, maintained on Earth under the same conditions as those aboard the International Space Station (ISS). A detailed description of the space flight experiments has been previously reported (Hayashi et al., 2023).
In the MHU-4 mission, six 9-week-old male C57BL/6 J mice in a transportation cage unit were launched aboard SpX-17 on 7 May 2019, from the NASA Kennedy Space Center and were then transported to the ISS. The MHU-4 partial gravity (PG) group was maintained in an artificial gravity environment of 1/6 g on the bottom floor of the habitat cage unit by centrifugation at 31 rpm in MARS using a short-radius (15 cm) centrifuge (MARS-S).
In the MHU-5 mission, six 9-week-old male C57BL/6 J mice in a transportation cage unit were launched aboard SpX-20 on 10 March 2020, from the NASA Kennedy Space Center and were then transported to the ISS. The MHU-5_PG group was maintained in an artificial gravity environment of 1/6 g on the bottom floor of the habitat cage unit by centrifugation at 21 rpm in MARS using a long-radius (35 cm) centrifuge (MARS-L).
The lighting in the mouse habitat cage considered the circadian rhythm and used a 12-h cycle according to the ISS and GMT (standard) time, with a light period of 7:00 to 19:00 and a dark period from 19:00 to 7:00 the next day.
Cage unit was equipped with a water dispenser and a feeder that can automatically supply water and food. The crew only needed to periodically refill the water and replenish the food, reducing the workload of the crew. The water dispenser was based on a balloon for injecting medicines, and drinking water was supplied by pressurizing the water using the elasticity of the balloon. The amount of water in the balloon was able to be detected by a sensor when it was full and when a certain amount of water had been consumed from full. For feeding, a spring was used to push out integrally molded food to the feeding surface. Food needed to be replenished once a week, but the food in this device was in cartridge form, making it easy for the crew to replace the cartridges.
All the mice from each mission were sacrificed on the second day after returning to the Earth.
2.3 Sample collection and preparation
Submandibular glands were fixed with 4% paraformaldehyde (Wako, Osaka, Japan) for 1–2 d at 4 °C before replacing the paraformaldehyde with phosphate-buffered saline (PBS). The MHU-4 mission samples were processed in the United States in June 2019, and the MHU-5 mission samples were processed in the United States in April 2020. After approximately 40 d, the samples were treated with different concentrations of methanol, 25%, 50%, 75%, and 100%, for 30 min each and then maintained in 100% methanol. The MHU-4 mission samples were processed in Japan in July 2019, and the MHU-5 mission samples were processed in Japan in May 2020.
Samples from the ground control experiments were treated using the same method as those from the space experiments. The MHU-4 mission, samples were processed in December 2019; and the MHU-5 samples were processed in October 2020.
2.4 Total RNA isolation
Total RNA from whole submandibular gland in each group (the MHU-4 GC, the MHU-4 PG, the MHU-5 GC, the MHU-5 PG); n = 1 for each was isolated from the cells using the RNeasy Mini Kit (QIAGEN, Germany), according to the manufacturer’s instructions. RNA samples were quantified using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States), and their quality was confirmed using a 2,200 TapeStation (Agilent Technologies, Santa Clara, CA, United States).
2.5 Gene expression microarrays
The total RNA from whole submandibular gland in each group was amplified using GeneChip® WT Pico Kit (Thermo Fisher Scientific) and hybridized to the Clariom™ S Assay, mouse (Thermo Fisher Scientific), according to the manufacturer’s instructions. All hybridized microarrays were scanned using an Affymetrix scanner (Thermo Fisher Scientific). Relative hybridization intensities and background hybridization values were calculated using Affymetrix Expression Console™. Gene set enrichment analysis (GSEA) was conducted according to methods previously described (Mootha et al., 2003; Subramanian et al., 2005).
2.6 Data analysis and filter criteria
The raw signal intensities of all samples were normalized by a quantile algorithm using Affymetrix® Power Tools version 1.15.0 software. To identify up- or downregulated genes, we calculated Z-scores [Z] and ratios (non-log scaled fold-change) from the normalized signal intensities of each probe for comparison between the control and experimental samples. The criteria for upregulated genes was Z-score ≥2.0 and ratio ≥1.5-fold and for downregulated genes was Z-score ≤ −2.0 and ratio ≤0.66. Since there were no replicate samples in this analysis, it was impossible to evaluate the data using p-values. We used intensity-based Z-scores and fold changes to extract differentially expressed mRNAs. This is expected to reduce noise compared to extracting variable mRNAs based only on fold change values (Quackenbush, 2002).
2.7 Immunofluorescence analysis
We conducted immunofluorescence staining by using the whole submandibular gland in each group (the MHU-4 GC, the MHU-4 PG, the MHU-5 GC, the MHU-5 PG); n = 1 for each. The fixed submandibular glands were embedded in paraffin, and 2 μm sections were prepared using a microtome (Leica Biosystems, Wetzlar, Germany). The sections were deparaffinized by immersing in xylene (Wako) for 10 min three times. The sections were then rehydrated using sequential immersion in 100%, 95%, and 70% ethanol for 10 min. After ethanol treatment, the sections were washed three times with PBS. For immunofluorescence analysis, the samples were permeabilized with Triton X-100 (Sigma Aldrich, St. Louis, MO, United States) for 5 min before incubating with blocking buffer (Nacalai Tesque, Kyoto, Japan) at room temperature for 15 min. To evaluate the protein expression patterns, the samples were then incubated overnight at 4 °C with the following primary antibodies: mouse monoclonal anti-Amylase (sc-46657; 1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, United States), rabbit polyclonal anti-Aquaporin5 (ab53212; 1:200; Abcam, Cambridge, United Kingdom), mouse monoclonal anti-Rap1 (sc-398755; 1:200; Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-Rab2a (67501-1-Ig; 1:200; Proteintech, Rosemont, IL, United States), rabbit polyclonal anti-Rab10 (11808-1-AP; 1:200; Proteintech), rabbit polyclonal anti-Rab27b (13412-1-AP; 1:200; Proteintech), and rabbit polyclonal anti-Vamp8 (15546-1-AP; 1:200; Proteintech).
After washing with PBS, the following secondary antibodies were then incubated for 1 h at room temperature: Alexa Fluor® 568 donkey anti-mouse (#A10037; Thermo Fisher Scientific), Alexa Fluor® 488 donkey anti-rabbit (#A21206, Thermo Fisher Scientific). After washing with PBS, the stained samples were mounted in a mounting reagent with 4,6-diamidino-2-phenylindole (ab104139; Abcam) and analyzed using a fluorescence microscope (X710, X800; Keyence, Osaka, Japan).
3 RESULTS
Microarray analysis to examine the changes in mRNA expression of the 22,206 genes found no correlation (correlation coefficient: 0.077052) between the submandibular gland samples obtained from the MHU-4 and -5 missions, even though both missions were conducted under the same lunar surface gravity environments (Figure 1). This may be due to differences in the centrifugal gradient caused by the radius of each MARS and circadian fluctuation between the time points for collecting samples in two missions.
[image: Scatter plot depicting log-transformed intensity ratios for mRNA expression. The x-axis represents MHU-4, and the y-axis represents MHU-5. Most data points are clustered around the origin, indicating similar expression levels in both conditions.]FIGURE 1 | No correlation of salivary gene expression was observed between the MHU-4 and -5 missions. Microarray analysis revealed no correlation between changes in the mRNA expression of 22,206 genes (correlation coefficient: 0.077052) between the MHU-4 and -5 missions.
We then investigated the cells comprising the submandibular glands and surrounding cell populations, based on specific marker, to identify which cell components showed specific mRNA expression changes in the lunar gravity environment in MHU-4 and -5. The heat map in Figure 2A shows signal intensity ratio of mRNA expression in samples at 1 g and 1/6 g environment in both MHU-4 and MHU-5 missions. Red indicates upregulated genes at 1/6 g and green indicates downregulated genes at 1/6 g compared to the 1 g group. Microarray analysis of whole submandibular glands samples from both MHU-4 and -5 revealed that the overall variation in mRNA expression was more pronounced in the MHU-4 mission than in the MHU-5 mission. Expression of mRNA relating the acinar cells, characterized by Amy1, Bhlha15, Sox10 were more pronounced than those from other cell populations (Figure 2A). The expression of mRNA related to proliferation and apoptosis did not significantly increase at 1/6 g compared to the 1 g group (Figure 2B). Therefore, we focused on mature acinar cells that have physiological functions such as protein and water secretion.
[image: Heatmap showing gene expression in different cell types. Top section (A) indicates expression levels for genes related to various cell types like salivary mesenchymal, acinar, ductal, myoepithelial, endothelial, neuronal, and glial cells. Bottom section (B) shows genes related to proliferation and apoptosis. Red indicates high expression, green indicates low expression.]FIGURE 2 | Increases of gene expression in acinar cells in lunar gravity environment. (A) Heat map shows representative mRNAs, encoding marker protein for the cells comprising submandibular gland. The map represents the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed that the expression increases with significance were more seen in acinar cells. Gene expression increases were more observed in MHU-4 compared with those in MHU-5. (B) Genes relating to cell proliferation and apoptosis showed no upregulation. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group.
Amy1 encodes salivary amylase secreted by acinar cells, which is an organic component involved in serous saliva. Amy1 showed significant upregulation in the samples in the 1/6 g environment during both MHU missions (Figure 3A). In contrast, Aqp5, which is involved in water secretion in acinar cells, was highly expressed (data not shown), but no significant changes in the mRNA expression were observed between lunar gravity and ground controls in either mission (Figure 3A). Immunofluorescence staining showed that the amylase protein was expressed at a higher level in lunar gravity than in the ground control, which was consistent with the microarray results. Aqp5 protein expression was also consistent with the microarray data (Figure 3B).
[image: Heatmap and microscopy images show gene expression related to protein and water secretion. Panel A displays a heatmap comparing MHU-4 and MHU-5 expression of genes like Amy1 and Lyz1, categorized as protein or water secretion. Panel B shows MHU-4 and MHU-5 tissue sections stained for Amylase and Aqp5 under GC and PG conditions, with a scale bar of 50 micrometers.]FIGURE 3 | Upregulation of salivary Amy1 in 1/6 g lunar gravity environment in both MHU-4 and MHU-5 missions. (A) Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed that salivary protein gene Amy1 was upregulated in 1/6 g lunar gravity in both MHU-4 and -5 missions. No significant increases of Aqp5 were observed. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group. (B) Immunofluorescence staining confirmed the increased expression of amylase in 1/6 g lunar gravity in both MHU-4 and -5 but no increase of Aqp5 even though the salivary cells were highly immunopositive for Aqp5. Scale bar: 50 μm.
We further examined signal intensity ratio of mRNA for membrane proteins with cytosolic coiled-coil domains, termed SNAREs, which are found in vesicles (v-SNAREs) and organelles (t-SNAREs) in whole submandibular glands. Vesicle-associated membrane protein 8 (Vamp8) is a v-SNARE gene involved in protein vesicle secretion mainly by acinar cells and was highly expressed under lunar gravity in both MHU missions; however, there was no increase in t-SNARE (Figure 4A). Based on these results, it was assumed that amylase secretion was promoted through Vamp8 in the 1/6 g lunar gravity environment compared to 1 g. In samples from the both MHU-4 and MHU-5 missions, immunostaining revealed that amylase and Vamp8 protein expression was co-localized within acinar cells. We also observed strong expression of Vamp8 protein at apical side of cell membrane in acinar cells at 1/6 g environment, implying enhancement of vesicle-membrane docking to secrete salivary proteins (Figure 4B).
[image: Panel A shows a heatmap of v-SNARE and t-SNARE gene expression levels in MHU-4 and MHU-5, with a color scale from green (-1.0) to red (1.0). Panel B displays immunofluorescence images of Vamp8 and Amylase in GC and PG tissues for MHU-4 and MHU-5, highlighting protein localization at 20 micrometers scale.]FIGURE 4 | Upregulation of Vamp8 in the lunar gravity group in both MHU-4 and MHU-5. (A) Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed changes in expression of the v-SNARE gene, Vamp8. Other v-SNARE genes such as Vamp2, 5, and 7 were upregulated at 1/6 g compared to the 1 g in MHU-4. Upregulation of the t-SNARE gene in lunar gravity was not observed. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group. (B) Immunofluorescence staining confirmed the co-localization of amylase and Vamp8 in acinar cells. Co-localized expression of amylase and Vamp8 was higher in lunar gravity compared with ground control for MHU-4 and MHU-5 missions. Insets (white dotted rectangles) were enlarged from the yellow dotted rectangles. Arrowheads indicate strong expression of Vamp8 protein and amylase at apical side of cell membrane in acinar cells. Scale bar: 20 μm.
Microarray analysis showed an increase in the mRNA expression of Rap1b, a subfamily of the Ras family in the 1/6 g lunar gravity of both MHU-4 and -5 groups (Figure 5A). The immunofluorescence staining results showed the upregulation of Rap1 protein, which were similar with the microarray data (Figure 5B). Increases of mRNA expression in samples from PG in both MHU-4 and MHU-5 missions were also observed for Rab1, Rab2a, Rab10, and Rab27, which are members of the Rab family (Figure 6A). Immunofluorescence staining showed upregulation of Rab2a, Rab10, and Rab27 protein which were similar with the microarray data (Figure 6B). Upregulation of some mRNAs from the Rho (Figure 7A), Sar/Arf (Figure 7B), and Ran (Figure 7C) families was observed at 1/6 g samples but did not show common expression patterns between MHU-4 and -5 missions, except for GEF/GAP (Figures 7A–C).
[image: Panel A shows a heatmap illustrating the expression levels of various genes in the Ras family, subdivided into Ras, Rap, Ral, and Rheb subfamilies, across two conditions: MHU-4 and MHU-5. The color scale ranges from green (low expression) to red (high expression). Panel B displays fluorescence microscopy images showing Rap1 expression in GC (gastric cancer) and PG (paraneoplastic gastric) tissues for MHU-4 and MHU-5. Red indicates Rap1 presence, with a scale bar indicating 50 micrometers.]FIGURE 5 | Upregulation of Rap1 in lunar gravity in both MHU-4 and MHU-5. (A) Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed changes in expression of Rap1 in 1/6 g in both MHU-4 and MHU-5. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group. (B) Immunofluorescence staining confirmed the upregulation of Rap1 in lunar gravity compared with ground control for both MHU-4 and MHU-5 missions. Scale bar: 50 μm.
[image: Heat map and fluorescence microscopy images showing Rab protein expression. Panel A is a heat map displaying expression levels of various Rab family proteins, with red and green indicating different expression intensities. Panel B shows fluorescence microscopy images of Rab2a, Rab10, and Rab27 in GC and PG tissues for both MHU-4 and MHU-5 groups, with scale bars representing 50 micrometers.]FIGURE 6 | Upregulation of Rab2a, Rab10, and Rab27 in lunar gravity in both MHU-4 and MHU-5. (A) Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed that changes in the expression Rab2a, Rab10, and Rab27 in 1/6 g in both MHU-4 and MHU-5. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group. (B) Immunofluorescence staining confirmed the upregulation of Rab2a, Rab10, and Rab27 in lunar gravity compared with ground control for both MHU-4 and MHU-5 missions. Scale bar: 50 μm.
[image: Heatmap showing gene expression profiles for the Rho, Sar/Arf, and Ran protein families across two conditions, MHU-4 and MHU-5. Colors range from green (low expression) to red (high expression). The Rho family has subfamilies: Rho, Rac, Cdc42, Rnd, and related modulators (GAP/GEF).]FIGURE 7 | No common upregulation of Rho, Sar/Arf, and Ran family genes was observed in the lunar gravity groups of the MHU-4 and MHU-5 missions. (A–C) Heat map showing the ratio calculated from the signal intensity on small G protein, Rho, Sar/Arf, and Ran family of 1/6 g–1 g. Microarray analysis revealed no common upregulation of Rho, Sar/Arf, and Ran family except for GEF/GAP in lunar gravity for both MHU-4 and MHU-5 missions. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group.
We explored upstream signaling pathways, including Gs, Gi, or Gq protein-coupled receptors and their respective second messengers and enzyme-related factors, as well as mRNA related to adrenergic receptors in the sympathetic nervous system and acetylcholine receptors in the parasympathetic nervous system. We observed no significant differences in mRNA expression of them between the samples of GC and PG in both the MHU-4 and MHU-5 missions (Figure 8A). In sympathetic and parasympathetic nerve functions, genes related to adrenergic and cholinergic receptors in the submandibular glands were not significantly upregulated in 1/6 g lunar gravity in both the MHU-4 and -5 groups (Figure 8B). Therefore, changes in mRNA expression may occur downstream signals of salivary secretion system involved in vesicular transport and secretion at apical side of acinar cells.
[image: Heatmaps depicting gene expression levels in MHU-4 and MHU-5 mouse hypothalamic neurons. Panel A shows pathways including GPCR, adenylate cyclase, phosphodiesterase, and others, with a color scale from green (-1.0) to red (1.0). Panel B focuses on adrenergic and cholinergic receptors, listing specific gene labels.]FIGURE 8 | No common upregulation of GPCR, including Gs, Gi, or Gq proteins involved in salivary secretion, was observed. (A) Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed no common upregulation of GPCR, including Gs, Gi, or Gq, involved in salivary secretion under the lunar gravity environment in MHU-4 and -5 missions. (B) There were no significant upregulation of autonomic nerve related receptor genes, including adrenergic and cholinergic receptors. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group.
GSEA results revealed that the gene set involved in oxidative phosphorylation were highly upregulated in submandibular gland samples under 1/6 g lunar gravity in MHU-4 and -5 (Figure 9A). In addition, the gene set involved in ion exchange associated with ATP synthesis was also upregulated at 1/6 g lunar gravity compared to that under 1 g in the MHU-4 and -5 missions (Figure 9B).
[image: Graphs comparing oxidative phosphorylation and ATP synthesis coupled electron transport between groups GC (MHU-4) vs. PG (MHU-4) and GC (MHU-5) vs. PG (MHU-5). Each section contains enrichment plots with green curves and color-coded bands indicating data distribution.]FIGURE 9 | Enrichment in a set of mRNAs relating oxidative phosphorylation and ATP synthesis coupled electron transport was observed in lunar gravity in both MHU-4 and -5 missions. (A) Gene set enriched analysis (GSEA) revealed the activation of oxidative phosphorylation in lunar gravity for both MHU-4 and -5 missions. (B) GSEA also revealed the activation of ATP synthesis coupled electron transport in lunar gravity for both MHU-4 and -5 missions.
We then investigated whether mechanosensitive ion channels in the submandibular glands sense gravity-induced fluid changes. The heat map shows ratio in changes in the mRNA expression of cation channels, especially transient receptor potential (TRP), Piezo, and acid-sensing ion (ASIC) channels. We revealed mechanosensitive ion channel genes, such as Trpv2, Trpv4, Piezo1, Piezo2, and Asic3 were downregulated in the 1/6 g group compared with the 1 g group in MHU-4 and -5 (Figure 10).
[image: Heatmap displaying gene expression levels for various TRP channels and ASIC genes. Rows represent genes, columns represent samples MHU-4 and MHU-5. Color scale ranges from green (low expression) to red (high expression).]FIGURE 10 | Downregulation of mechanosensitive ion channels in lunar gravity. Heat map showing the ratio calculated from the signal intensity of 1/6 g–1 g. Microarray analysis revealed downregulation of mechanosensitive ion channels, such as Trpv2, Trpv4, Piezo1, Piezo2, and Asic3, in lunar gravity for both the MHU-4 and MHU-5 missions. Red in heat map indicates upregulated mRNA at 1/6 g and green in heat map indicates downregulated mRNA at 1/6 g compared to the 1 g group.
4 DISCUSSION
In the 1/6 g lunar gravitational environment, Amy1 was upregulated in the submandibular glands, as were Vamp8 and the small G protein Rap1 (Ras family)/Rab2a, Rab10, and Rab27 (Rab family) which are involved in vesicle secretion. Amylase has been identified as a stress marker in behavioral medicine and space flight crews (Ali and Nater, 2020; Ghasemi et al., 2021). Vamp8 acts as a v-SNARE that regulates the secretion of the entire exocrine system (Wang et al., 2007). Salivary proteins are synthesized in acinar cells. Based on the genetic information in acinar cells, salivary proteins are synthesized in ribosomes, pass through the rough endoplasmic reticulum, become vesicles, and are transported to the Golgi apparatus. Intravesicular proteins that undergo modifications, such as glycosylation, in the Golgi apparatus are concentrated and stored in secretory granules. Small G proteins such as Ras and Rab families function salivary secretion, as guanosine triphosphate (GTP)-binding proteins with a molecular weight of 20–30 kDa. This hydrolysis results in inactive guanosine diphosphate (GDP). Small G proteins act as molecular switches that bind specific target molecules and transmit intracellular signals. GDP/GTP exchange proteins (GEF) are regulated by GTPase-activating proteins (GAPs). The combined GTP and GDP states function as molecular switches corresponding to the on/off states. Activity regulation is temporally and spatially controlled and functions as a biotimer. Small G proteins are classified into five families, and regulate various cellular functions. Rap/Rab signaling plays an important role in saliva and amylase secretion (D'Silva et al., 1998; Sabbatini et al., 2008; Gomi et al., 2017). Our study showed no increase in the expression of mRNA related to receptors for noradrenaline secreted from sympathetic nerves involved in protein secretion, where is the upstream of salivary secretion system, while upregulations of Rap/Rab signaling for transporting intracellular vesicles and v-SNARE (Vamp8) to secrete amylase via exocytosis at apical side of acinar cells were observed in the 1/6 g environment.
In addition, salivary secretion requires high levels of adenosine triphosphate (ATP) not only for salivary secretion by maintaining intracellular K+ concentration in acinar cells, but also for modification of saliva by reabsorption and secretion in ductal cells of submandibular gland. Our GSEA data show that a set of mRNAs involved in oxidative phosphorylation was highly upregulated under 1/6 g lunar gravity in MHU-4 and -5. Plus, mRNAs in association of ionic transport coupled with ATP synthesis or hydrolysis were also upregulated at 1/6 g lunar gravity compared to that under 1 g in the MHU-4 and -5 missions. We also hypothesized that changes in gravity may induce changes in body fluids, resulting in excessive fluid inflow into the submandibular gland. Our data shows downregulation of mechanosensitive ion channels such as TRP, Piezo, and ASIC channels, however. Fluid balance fluctuates when gravity changes, shifting fluid to the upper body and creating a situation where the astronauts have edema around the salivary glands, which causes mechanical stress. It is possible that the mRNA levels of these mechanosensitive ion channels in the submandibular gland decrease because of a function that restores them to their normal state.
In conclusion, our results indicate that changes in the gravitational environment induce qualitative changes in salivary secretion function and that multiple genes may be involved in maintaining salivary secretion homeostasis in the space environment. Overall, our data suggested that lunar gravity upregulates salivary amylase secretion via vesicular transport and exocytosis mediated by Rap/Rab signaling and Vamp8 at apical side of acinar cells (Figure 11). However, we have not shown the functional assay as amylase secretion in this study. To clarify the correlation mechanisms between these mRNAs and amylase secretion, it will need to be verified whether any effect on amylase secretion is caused by both gain-of-function and loss-of-function experiments in acinar cells. Further research on salivary secretion signal and gene regulation may contribute to the future monitoring of the physical and mental health of humans living in space as well as the improvement of oral medicine.
[image: Diagram illustrating cellular signaling pathways. Panel A shows various biochemical interactions: secretory granule, signal molecules like cAMP, enzymes such as PKA, and components like Vamp8 involved in docking, fusion, and release. Panel B focuses on the role of Rap and Rab proteins interacting with v-SNARE for amylase release. Pathways involve ion channels and key molecules like DAG, IP3, and calcium.]FIGURE 11 | Upregulation of salivary amylase secretion via Rap/Rab signaling and exocytosis via Vamp8 under the lunar gravity. (A) Graphical scheme shows signaling pathway for salivary secretion in acinar cells. Yellow labeled Rap-, Rab-, and Vamp8-encoding mRNAs and their proteins were upregulated and localized at apical membrane in acinar cells at the 1/6 g lunar gravity. Red boxes represent proteins and molecules for salivary protein secretion. Blue boxes represent proteins and molecules for the water/ion secretion. (B) Rap and Rab small G proteins modulate the processivity of vesicles to apical side of cell membrane. Apical side of cell membrane showed upregulation of Vamp8 protein and vesicle-membrane docking to secrete salivary amylase at 1/6 g environment. AC, adenylyl cyclase; Ano1, anoctamin1; AQP5, aquaporin 5; βR, β-adrenergic receptor; cAMP, cyclic adenosine monophosphate; Ca2+, calcium ion; DAG, diacylglycerol; ER, endoplasmic reticulum; Gq, Gq protein-coupled receptor; Gs, Gs protein-coupled receptor; IP3, inositol trisphosphate; IP3R, inositol trisphosphate receptor; KCNN4, potassium calcium-activated channel subfamily N member 4; M3R, muscarinic acetylcholine receptor M3; NKCC1, sodium, potassium, chloride cotransporter 1; PIP2, phosphatidylinositol 4,5-bisphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phospholipase C; Rab, small G protein Rab; Rap, small G protein Rap; RyR, ryanodine receptor; t-SNARE, target membrane-associated T-soluble N-ethylmaleimide-sensitive factor attachment protein receptor; Vamp8, vesicle-associated membrane protein 8; v-SNARE, vesicle-associated V-soluble N-ethylmaleimide-sensitive factor attachment protein receptor.
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Background: Analysis of ultrasound radio frequency (RF) signals allows for the determination of the index of reflectivity (IR), which is a new measure that is dependent on tissue properties. Previous work has shown differences in the IR of the carotid artery wall with long-duration spaceflight; therefore, it was hypothesized that liver tissue would also show differences in this measure with spaceflight.Methods: The RF signal of a liver tissue region of interest (ROI) was displayed and processed along six different lines covering a surface of approximately 2 cm × 2 cm. The IR was calculated as the energy backscattered by the liver ROI divided by the total energy returned to the ultrasound probe.Results: Seven astronauts were investigated preflight, inflight on day 150, and postflight 4 days and 6 months after rerunning to Earth. Compared to preflight (63% ± 18%), the liver tissue ROI IR was significantly lower on flight day 150 (46% ± 14%; p = 0.027) and 4 days postflight (46% ± 19%; p = 0.025). At 6 months postflight, the IR returned to preflight values (59% ± 13%; p = 0.919).Conclusion: The significant decrease in the coefficient of reflectivity inflight and 4 days postflight indicates an alteration in the liver tissue that reduces the reflection of ultrasound waves. This change in tissue properties could either be due to the addition of particles that do not reflect ultrasound waves or structural or cellular changes that alter the reflectivity of the tissue.Keywords: liver, radio frequency signal, RF, echography, spaceflight
INTRODUCTION
Previous studies have shown a connection between insulin resistance and liver steatosis (Genazzani et al., 2024; Anousin et al., 2024). Elevation of an insulin resistance index has also been found after 6 months of spaceflight (Hughson et al., 2016). This suggests that liver structure may also be altered with long-duration spaceflight on the International Space Station (ISS).
Measurement of the index of reflectivity (IR), determined from analysis of the ultrasound radio frequency (RF) signal, has shown changes in the carotid artery wall with long-duration spaceflight (Arbeille et al., 2021). As this new ultrasound measurement was able to detect changes in tissue properties of the arterial wall, it is possible that similar measures of liver tissue will also identify changes in liver tissue properties with long-duration spaceflight on the ISS. Therefore, the objective of the present research was to determine whether the IR, determined by ultrasound RF signal processing, was altered for liver tissue during long-duration spaceflight and postflight recovery.
The RF signal is the native ultrasound signal that is processed by the ultrasound system manufacturer’s software (i.e., filtered, smoothed, and amplified) to construct B-mode (black and white) ultrasound images. During operation, ultrasound probes emit hundreds of ultrasound beams in the plane below the probe head. As the beams reflect off successive interfaces along linear paths, changes in the reflected waves are captured by the probe as the radio frequency signal (RF) (Figure 1C).
[image: Ultrasound image and analysis showing four panels. Panel a: Ultrasound of a portal vein with grid lines. Panel b: Image with vertical lines and a highlighted section. Panel c: Graph with plotted data. Panel d: Spreadsheet displaying numerical data in columns.]FIGURE 1 | (A) B-mode liver view with the portal vein as a reference at the bottom of the image. The RF data are collected over the entire image but processed only along the six vertical lines passing through the liver region of interest. (B) Vertical and horizontal lines that the sonographer moves to determine the value of the energy reflected by the point at the intersection of these lines. Using this tool, the operator can identify the right and left and upper and lower limits of the ROI values and sum the values of the energy reflected along each vertical segment of the ROI on the six lines selected in the data table. (C) The RF signal presented corresponds to one full vertical ultrasound line crossing the sample. (D) The tabulated data display the values of the amplitude of the ultrasound signal reflected at any point in the image. The square of the amplitude values (minus the background noise estimated at the bottom of the ultrasound image) was used to estimate the energy reflected at each point.
The native RF signal is recognized in ultrasound science with applications designed to accurately track tissue displacement in the carotid artery walls (Palombo et al., 2012) or brain tissue (Jurkonis et al., 2020) and to study tissue characteristics. Tissue microstructure has been examined (Maleke and Konofagou, 2008), as have changes in tissue properties after being heated by focused ultrasound, with reports of a relationship between an increased stiffness and the reduction in micro-displacement inside the tissue (Maleke and Konofagou, 2008). RF recording and processing were also used in studies of carotid artery stenosis to evaluate the average blood integrated-back scattered energy within the lumen at proximal and distal segments to gain an estimate of a functional ischemia parameter (Okada et al., 2019). At the abdominal level, the processing of the ultrasound image content or the RF signal was applied to identify tissue aspect changes such as liver steatosis or fibrosis (Byeong Geun et al., 2024; Moradi et al., 2006) and detection/characterization of prostate malignant tumors (Schmitz et al., 1999). Lastly, RF signal processing has been used to investigate membranes of tumors of the inner eye (Trier, 1983).
The present study was based on the use of the index of reflectivity (IR), as defined previously for the evaluation of carotid wall changes during spaceflight and dry immersion (Arbeille et al., 2021; 2022). Using the same method, the RF signal of a liver tissue region of interest (ROI) was collected and analyzed preflight, inflight, and postflight, and the IRs of these ROIs were calculated. We hypothesized that the morphological and/or mechanical properties of the liver tissue structure and or content would be affected by spaceflight and detected as a change in the corresponding IR.
RESEARCH DESIGN AND METHODS
Population investigated
Approximately 1 month before a 6-month spaceflight, after 150 days of flight, and 4 days and 6 months after return to Earth, seven astronauts (five men and two women; age: 44 ± 3 years; height: 177 ± 5 cm; weight: 76 ± 11 kg) underwent an ultrasound investigation where liver B-mode images and RF signals were acquired. The protocol was approved by the University of Waterloo Office of Research Ethics, the Johnson Space Center Committee for the Protection of Human Subjects, the NASA Human Research Medical Review Board, the European Space Agency Medical Review Board, and the Japanese Space Agency Research Ethics Board (Study Protocol #Pro1222; NASA MPA116301606HR; FWA00019876) in accordance with the Declaration of Helsinki. Each participant was informed in detail about the experiment and gave informed consent before participating.
Data acquisition
A 2D, B-mode ultrasound image of the liver with the portal vein at the bottom of the image was acquired, and the RF signal of the entire image was recorded. The RF signal was displayed and processed along each ultrasound line selected by the sonographer (Figure 1). The RF signal was processed along six different lines covering a liver ROI of approximately 2 cm × 2 cm on the 2D image of the liver, close to the upper limit of the right lobe. The index of reflectivity was calculated from the RF signal as the quotient of the energy back scattered by the liver tissue ROI along each of the six vertical RF lines and the total energy returned to the ultrasound probe along the same selected lines. Therefore, the index of reflectivity represented the percentage of the total energy returned along the selected line by the liver ROI to the ultrasound probe.
The IR of one ROI segment (IRseg) was expressed as the sum of the energy reflected by this vertical segment (Eseg) divided by the sum of the total energy reflected along the line (Etot) minus the sum of the energy reflected by the portion of the line between the upper limit of the segment and the skin (Esup) with IRseg = Eseg/(Etot − Esup). The IR value (expressed in %) for each sample was the average value of the six IRseg calculated along the six segments inside the liver ROI. Caution was taken with the selection of the ultrasound view from which the RF signal was processed to optimize the reproducibility and accuracy of the ultrasound measurements. During spaceflight, the astronauts were guided (vocally) from the ground to locate the ultrasound probe on the portal vein acoustic window. The trained sonographer on the ground then teleoperated the ultrasound probe sensor orientation (tilt and rotation) to obtain a clear image of the portal vein. The radiofrequency signal capture (internal software) was then activated, and the recording was stored on the ISS device hard disc for later downlink.
The index of reflectivity was calculated on an ROI located at the upper part of the liver’s right lobe on an image showing the portal vein trunk at the bottom. This condition was required to confirm that the liver ROI was in the same area for each of the imaging sessions. Additionally, as the accuracy of any ultrasound measurement depends mostly on the quality of the B-mode image and that image quality is partially operator-dependent, the same two operators performed the assessments pre, during, and postflight.
The astronauts remained supine during the pre and postflight assessments and were free floating inside the ISS for the inflight measurement. The same ultrasound device (Sonoscanner, Paris, France) with the same probe (curved array 3.5 Mhz) and ultrasound presets (frequency, depth, and gain) was used for each data collection.
Each index of reflectivity value was a mean of six IR segments placed on the B-mode image. For one crew member, only one RF line was available for one of the images, and it was still included in the analysis. As the ultrasound was teleoperated, the time to find the appropriate liver view and the RF signal on astronauts on board the ISS did not exceed 2 min.
Statistical analysis
The effects of spaceflight were determined using a one-way, repeated measures analysis of variance (SigmaPlot, 12.5; Systat Software, San Jose, CA) with Tukey post hoc testing performed to assess all pairwise comparisons. Significance was set at p< 0.05, with all results reported as mean ± SD.
Our ROI size is based on our previous work on reflectance changes with fluid shift analogs on seven subjects exposed to microgravity for 6 months and 12 people exposed to dry immersion for 4 days (Arbeille et al., 2021; 2022), indicating a large effect (d = 1.3) to increase reflectance. Based on a one-tailed dependent t-test of alpha = 0.05, n = 5 participants is sufficient to have 80% power to detect differences over time (G*Power v 3.1.9.7).
RESULTS
Ultrasound images of the liver with the portal vein at the bottom of the image as a landmark to confirm the upper part of the right liver lobe were successfully recorded for all astronauts. The RF signal over the entire part of this image was recorded during spaceflight and downlinked to the ground for processing. Processing on the ground consisted of displaying the RF data for the entire B-mode image (tabulated data) and then moving two lines on the B-mode image to identify the liver tissue ROI to be investigated. The data columns corresponding to the sample segment limits were identified, and the different segment energy values were calculated (Figure 1). The liver RF data were collected for seven astronauts preflight, inflight (day 150), and postflight 4 days (R + 4) and 6 months after returning to Earth.
The analysis found a significant effect of time on the IR (p = 0.007). Compared to preflight levels (63% ± 18%), the IR of the liver tissue ROI was significantly lower inflight after 150 days (46% ± 15%; p = 0.022) and on day R + 4 postflight (46% ± 19%; p = 0.023), with no difference found between flight day 150 and R+4 (p = 0.999). Assessment of the liver IR 6 months postflight found that IR had returned to preflight levels (59% ± 13%; p = 0.941) (Figures 2, 3).
[image: Bar graph showing liver IR percentage across four categories: Pre, FD150, R+4, and R+6m. Pre is highest around 80%, while FD150 and R+4 are lower with stars indicating significance. R+6m is similar to R+4. Error bars are present.]FIGURE 2 | Mean (±SD) liver IR values preflight (pre), after 150 days of spaceflight (FD150), 4 days after returning to Earth (R+4), and 6 months after returning to Earth (R+6 m). The liver IR was decreased both inflight (FD150) and postflight (R+4), while at R+6 m, the value returned to preflight levels (statistically different from Pre indicated by *, p < 0.05)
[image: Four scatter plots labeled A, B, C, and D depict liver iron reduction (IR) percentages over time periods. Each plot shows data points connected by lines, indicating changes in IR. Plot A compares Pre and FD150; Plot B shows FD150 and R+4; Plot C contrasts FD150 and R+6m; Plot D compares Pre and R+6m. Statistical significance is indicated with p-values, with Plot A showing p=0.027, Plot B p=1, Plot C p=0.005, and Plot D p=0.919. Each plot features varied shapes and colors representing different data groups.]FIGURE 3 | Individual liver IR values and group means (X symbol) preflight (Pre), during spaceflight (FD150), 4 days (R+4), and 6 months (R+6m) after returning to Earth. Dotted lines are included to visualize individual responses and do not indicate a linear time course. (A) Liver IR was decreased in all astronauts on FD150 compared to pre; (B) at R+4, IR tended to increase in three astronauts and decreased further in the other four; (C) IR tended to recover in five of the seven astronauts at R+6m; (D) at 6 months, postflight IR has recovered to preflight values for five of the seven astronauts.
DISCUSSION
The current study utilized analysis of the ultrasound radio frequency signal to evaluate liver tissue properties during and after long-duration spaceflight. After 150 days of spaceflight, the IR of the liver was found to be significantly reduced, suggesting alterations in tissue content or structure with spaceflight. This study confirmed that the RF signal processing technique to assess IR provides an additional, noninvasive measure for assessing adaptations to spaceflight.
The ultrasound B-mode images from which the RF signal was recorded during spaceflight were of high quality, as the probe transducer orientation and device setting were successfully teleoperated (controlled) in real-time by an expert sonographer in the ground space center. The teleoperation mode allowed the sonographer on the ground to optimize the view of the liver and trigger the RF capture at the most appropriate moment. Additionally, the expert evaluated the echo image and the corresponding RF traces recorded and could repeat the capture if necessary to acquire the best RF data. It was not possible to verify that the ultrasound probe’s position over the portal vein acoustic window during spaceflight was exactly the same as it was on the ground. However, the astronauts were able to locate this acoustic window easily from the basic anatomical references used on the ground. Additionally, even if the liver had moved by 1 cm, changed its volume from fluid shifts, or was structurally modified, the astronaut and the sonographer on the ground found the same portal vein image inflight and on the ground, indicating that the RF signal was collected on the same liver area (ROI) during spaceflight as on the ground.
The alteration in the index of reflectivity measured inside the liver tissue suggests changes in the physical properties of the tissue in response to spaceflight. While these changes persisted 4 days after returning to Earth, the index returned to preflight values after 6 months. The decrease in the index of reflectivity means that the liver tissue reflected less of the ultrasound waves during flight than preflight. A reduction in liver IR could be due to particles that do not reflect ultrasound entering this organ (change in water/tissue composition including fat content), potential structural or cellular changes (more collagen and more glycation in the organ), higher superficial tissue absorption, or any combination of these three processes.
During spaceflight, the decrease in the index of reflectivity could be related to fluid shifts toward the upper part of the body. Exposure to microgravity shifts fluid toward the head and neck with potential storage as increased blood pooling in the neck and abdominal vessels and organs, as indicated by the increase in jugular and portal vein volume during spaceflight (Arbeille et al., 2015). Returning to Earth’s surface, fluid shifts away from the head and neck with rapid recovery of blood vessels. However, with the decreased liver IR found to persist 4 days post-flight, recovery of the liver tissue liquid content may take much longer. On the other hand, the decrease in the index of reflectivity may also be the result of structural changes inside the organ, which would require more than several days to recover and should also be considered a possible second process not related to the fluid shifts.
Individual variability was also noted in IR measurements. While on average, liver IR values were not different on FD150 and R+4, values for four astronauts were lower on R+4 than on FD150, and values for the other three astronauts had increased toward preflight levels on R+4. (Figure 3B). The hypothesis of liver tissue structural modifications is supported by the fact that the decrease in IR was still present in four of the seven astronauts investigated at R+4 and in two of the seven astronauts after 6 months (Figures 3C, D). Conversely, for the other three astronauts who recovered at R+4, changes in liver IR with spaceflight may be primarily due to inflight fluid shifts that may disappear during the 4 first days postflight. In the absence of histological confirmation, both processes must be considered potentially contributing to the observed liver IR changes.
Changes in liver position or morphology may also contribute to the altered liver IR with spaceflight. Microgravity may result in changes in liver position, or liver tissue may be compressed with increased thoracic or abdominal pressure with spaceflight. However, the hypothesis of possible liver compression by surrounding organs or in relation to fluid shifts does not look likely as there was no difference in the density of the hepatic vein (subjectively evaluated) between pre and inflight ultrasound images. Increased portal vein size with spaceflight does indicate fluid retention and blood pooling at the level of the liver, but it is unknown if this has a compression effect on liver tissue.
The index of reflectivity provides an easily acquired, noninvasive index characterizing changes in tissue properties with spaceflight. Several other studies used the RF signal or the image brightness distribution to characterize the tissue structure or content of various organs. A liver ultrasound image scan showed signs of fat storage in the liver (steatosis), inflammation and swelling (hepatitis), and scar tissue (fibrosis or cirrhosis) (Byeong Geun et al., 2024). At the prostatic level, a method based on processing radio frequency ultrasonic echo signals in humans was used for the detection of prostatic carcinoma and estimating the probability of malignancy (Schmitz et al., 1999). Another RF-based study reported encouraging results on animal studies designed to analyze the capability of the fractal dimension of RF time series (AHDRFT) in characterizing, in vitro, different tissue types (Moradi et al., 2006; 2007). At the eye, a technique for radio frequency tissue characterization with a hand-held transducer in the 5–25 MHz frequency range was successfully tested on ocular tissues, especially on membranes and tumors of the inner eye (Tiers, 1983). Lastly, ultrasound-guided percutaneous RF ablation has been widely used for tumors (HCCs) and metastases in the liver and could improve overall and disease-free survival rates (Jin Woong et al., 2015).
However, none of the above studies used the very simple quantification of the RF signal energy backscattered from a volume of an organ as we do in the present study. The RF signal, being the native ultrasound signal, is present in every ultrasound machine but is not necessarily displayed. An option for this measurement can be installed on every ultrasound device with the appropriate software to process the RF data. Moreover, the RF signal collection is performed with a 2D, B-mode image, which is used to easily locate the tissue ROI to record the RF signal. The RF signal of the entire image was recorded in the ultrasound device used for the current study, allowing the sonographer to choose any sample area in the image, and the corresponding tabulated data of the tissue sample was immediately displayed.
The analysis of the RF signal in different areas of organs provides an additional metric to conventional parameters based on the quantification of the ultrasound image brightness. In many cases, assessment of the IR is more sensitive, as alterations in this variable have been found for images of the walls of the common carotid artery and superficial muscles despite traditional ultrasound image assessments finding limited or no changes in the carotid wall or neck muscles (Arbeille et al., 2021). Similar observations can also be made with the liver, as previous assessments have not identified any alterations in the organ despite the portal vein being increased in a majority of astronauts and liver IR reduced in the current study with similar conditions.
Nevertheless, in the absence of anatomical analysis of the organ structure investigated by optical or electron microscopy, we cannot identify the tissue- or cellular-level mechanism responsible for the change in the index of reflectivity, although the ultrasound image can be enough to suggest steatosis as a possible diagnostic clue. Presently, similar studies analyzing liver tissue by RF measures are being conducted using microgravity analogs, such as long-term bed rest, associated with MRI investigations. In the future, the presence of an MRI modality onboard the space station will probably help clarify this question.
CONCLUSION
The liver index of reflectivity, as evaluated from the RF signal, provides additional information on the structure or content of the liver tissue beyond the traditional B-mode image. The results support the hypothesis of liver tissue remodeling, a change in liver tissue content, or liver positioning change or compression due to increased thoracic or abdominal pressure during and after spaceflight.
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Introduction: Current and future astronauts will endure prolonged exposure to spaceflight hazards and environmental stressors that could compromise cognitive functioning, yet cognitive performance in current missions to the International Space Station remains critically under-characterized. We systematically assessed cognitive performance across 10 cognitive domains in astronauts on 6-month missions to the ISS.Methods: Twenty-five professional astronauts were administered the Cognition Battery as part of National Aeronautics and Space Administration (NASA) Human Research Program Standard Measures Cross-Cutting Project. Cognitive performance data were collected at five mission phases: pre-flight, early flight, late flight, early post-flight, and late post-flight. We calculated speed and accuracy scores, corrected for practice effects, and derived z-scores to represent deviations in cognitive performance across mission phases from the sample’s mean baseline (i.e., pre-flight) performance. Linear mixed models with random subject intercepts and pairwise comparisons examined the relationships between mission phase and cognitive performance.Results: Cognitive performance was generally stable over time with some differences observed across mission phases for specific subtests. There was slowed performance observed in early flight on tasks of processing speed, visual working memory, and sustained attention. We observed a decrease in risk-taking propensity during late flight and post-flight mission phases. Beyond examining group differences, we inspected scores that represented a significant shift from the sample’s mean baseline score, revealing that 11.8% of all flight and post-flight scores were at or below 1.5 standard deviations below the sample’s baseline mean. Finally, exploratory analyses yielded no clear pattern of associations between cognitive performance and either sleep or ratings of alertness.Conclusion: There was no evidence for a systematic decline in cognitive performance for astronauts on a 6-month missions to the ISS. Some differences were observed for specific subtests at specific mission phases, suggesting that processing speed, visual working memory, sustained attention, and risk-taking propensity may be the cognitive domains most susceptible to change in Low Earth Orbit for high performing, professional astronauts. We provide descriptive statistics of pre-flight cognitive performance from 25 astronauts, the largest published preliminary normative database of its kind to date, to help identify significant performance decrements in future samples.Keywords: Cognitive performance, astronauts, low earth orbit, spaceflight, cognition, ISS
1 INTRODUCTION
Astronauts on current and future spaceflight missions are required to execute complex tasks in which even minor errors could have devastating consequences. Intact cognitive functioning is critical to maintain exceptional performance standards during long duration spaceflight missions. However, astronauts are exposed to spaceflight environmental stressors that include spaceflight hazards (i.e., radiation, altered gravity, isolation and confinement, hostile/closed environment, and distance from Earth) as well as operational challenges (e.g., work overload, circadian shifts, communication delays) that could compromise cognitive functioning (Slack et al., 2016). Some of these challenges are experienced by astronauts living and working on the International Space Station (ISS), yet the extent to which cognitive performance decrements are observed on ISS missions remains critically under-characterized.
Anecdotal and self-report evidence suggest some astronauts experience subjective cognitive difficulties inflight (Stuster, 2010; Stuster, 2016; Schroeder and Tuttle, 1992; Clément et al., 2020), particularly for tasks requiring sustained attention and speed of processing. However, objective assessments of cognitive performance in spaceflight have yielded mixed findings (For review see Thoolen and Strangman (2023)). Early studies assessing dual tasking performance in short duration shuttle missions suggest that attention may be adversely impacted during tasks that include a primary sensorimotor component (Heuer et al., 2003; Manzey et al., 1995; Manzey et al., 2000). More recent studies examining cognitive performance during 6-month ISS missions have largely focused on specific cognitive domains. For example, Jones et al. (2022) recently reported that astronauts who obtained 5 h or less of sleep on the ISS performed worse on a task of sustained attention. Relative to pre-flight, slowed reaction time on a task of spatial working memory post-flight but not during flight (Tays et al., 2021), decrements in visuospatial line orientation inflight and early post-flight (Takács et al., 2021), and increased error on a dual tasking paradigm on landing day (Moore et al., 2019) have been reported. The post-flight decrements observed in these studies returned to pre-flight levels over 30 days follow up. In contrast, no differences were reported in spatial working memory accuracy, processing speed, cognitive-dual tasking, and visual memory (Burles and Iaria, 2023; Moore et al., 2019; Tays et al., 2021). This body of literature is limited by small samples, lack of measurement standardization across studies, limited sensitivity of measures to detect change in high performing populations, and inconsistent timepoints within mission (Strangman et al., 2014). Further, the scope of cognitive domains assessed is restricted and there is an overall paucity of data documenting other cognitive functions that may impact mission relevant tasks, such as memory, executive functions, and emotional processing. Nevertheless, current evidence suggests at most mild and reversible decrements in aspects of cognition among astronaut crew on ISS missions of 6-month duration or shorter.
Only one published study to date has comprehensively assessed a wide range of cognitive domains across multiple mission phases in spaceflight. The well-known NASA Twin study (Garrett-Bakelman et al., 2019) conducted cognitive testing using the Cognition Battery (Basner et al., 2015) in a pair of monozygotic twins, one of which spent approximately 1 year (340 days) on the ISS while the other remained on Earth. Early inflight improvements were documented in speed and accuracy, with the exception of accuracy decrements in specific domains of visual memory and abstract reasoning (>1 standard deviation [SD] decline). Relative to early flight, late flight performance was slower in emotion recognition (>1SD) and less accurate in abstract reasoning (>2 SD). However, the most notable decrements were observed in the post-flight mission phase across most cognitive domains that persisted up to 6 months. Though a single case study, findings underscore the relevance of assessing a breadth of cognitive domains in spaceflight, support previous studies indicating that cognitive performance may be differentially impacted at different mission phases, and suggest that longer duration missions may induce more persistent decrements.
Terrestrial analogs that simulate spaceflight conditions offer a unique opportunity to study singular or combined spaceflight hazards and stressors on relevant behavioral health and performance outcomes. Group level changes in cognitive performance were not present in several long duration European, Russian, and Antarctic analog missions (Lorenz et al., 1996; Gemignani et al., 2014; Mairesse et al., 2019; Connaboy et al., 2020). However, a subset of individuals in these settings appear to be more vulnerable to decrements in aspects of attention, memory, or visuospatial abilities, including those who report depressive symptoms (Premkumar et al., 2013), heightened stress and sleep loss (Basner et al., 2014), and greater hippocampal volume loss (Stahn et al., 2019). Indeed, sleep restriction protocols implemented in one- and 2-week isolation and confinement spaceflight analogs were associated with worse emotion recognition, slower and less accurate sustained attention, and slower cognitive and psychomotor processing speed (Nasrini et al., 2020). Other studies also have examined the effects of altered gravity on cognition. Parabolic flight studies assessing impacts of acute gravitational alterations have documented decrements on tasks of spatial cognition (Stahn et al., 2020) and attention (Friedl-Werner et al., 2021). Head Down Bed Rest (HDBR) studies, designed to simulate cephalic fluid shift in microgravity, report that prolonged HDBR can induce early but mild reductions in overall cognitive speed that remain consistent for the duration of the protocol (Basner et al., 2021a) and more specific decrements on tasks of executive functioning (Yuan et al., 2016), emotional processing (Basner et al., 2021a; Brauns et al., 2019; Benvenuti et al., 2013; Liu et al., 2012), and aspects of memory (Chen et al., 2013). Decrements resolve soon after returning to normal daily activities and were only exacerbated by a combined HDBR and CO2 protocol in isolated tasks of executive function and sustained attention (Basner et al., 2021b; Lee et al., 2019; Mahadevan et al., 2021). Thus, analog studies have identified mild, possibly reversible, decrements in cognitive performance across several domains in the context of spaceflight stressors. Even among those that did not report significant group level differences, observed individual variability in performance suggests that some individuals are more at risk for cognitive decrements than others.
Taken together, the extant literature documenting cognitive performance in spaceflight or spaceflight analogs suggests possible mild decrements in some, but not necessarily all, cognitive domains and that these decrements may be singularly or synergistically influenced by multiple spaceflight hazards (e.g., altered gravity) and stressors (e.g., sleep restriction). Given the dynamic nature of spaceflight missions and thus the potential for hazards and stressors to interact in varying degrees within a mission, it is also possible that there are specific mission phases in which performance is more vulnerable to decrements. However, we were unable to locate a published study that has described the neuropsychological profile expected in low earth orbit spaceflight by systematically assessing cognitive performance across a wide range of cognitive domains in a cohort of astronauts aboard the ISS for 6-month missions.
The primary aims of the current study were to 1) provide a descriptive summary of performance across several cognitive domains in a sample of professional astronauts on 6-month ISS missions, 2) characterize cognitive performance over time and between distinct mission phases of a 6-month ISS mission, and 3) examine the prevalence of low scores across subtests. While we generally expected stable cognitive performance across time, we predicted that performance would be most vulnerable during mission phases that require greater adaptation to and from spaceflight conditions. Further, processing speed, attention, and working memory are cognitive domains which are more susceptible to state-like alterations due to internal or external distractions (Eysenck and Calvo, 1992; Robert and Hockey, 1997). Thus, we hypothesized that 1) there would be mild decrements in early flight and early post-flight mission phases relative to pre-flight; and 2) the subtests with the greatest frequency of low scores would be those assessing processing speed, attention, and working memory. Finally, given previous studies identifying individual differences predicting variability in cognitive performance, we also explored the relationship between self-reported sleep and ratings of alertness.
2 MATERIALS AND METHODS
2.1 Participants
A total of 25 professional astronauts aged 33 to 61 (mean (SD) = 45.12 (7.25); 32% Female) participated in the NASA Spaceflight Standard Measures study. All US orbital segment astronauts assigned to a mission to the ISS were eligible to participate in the study; no additional exclusion or inclusion criteria were applied. Ten crew members had previous flight experience that ranged from 12 to 199 days inflight (mean (SD) = 129.9 (85.6)) prior to the current mission. Cognitive performance was assessed once pre-mission, twice in-mission (within 30 days of launch and return, respectively), and twice post-mission (within 10 and 30 days of landing, respectively). All crew members completed an approximately 6-month ISS mission. See Figure 1 for data collection timeline.
[image: Timeline illustrating phases of space mission: Pre-Flight (R-90), Launch, Early Flight (L+10), Late Flight (R-30), Return, Early Post-Flight (R+10), and Late Post-Flight (R+90). Includes an image of the International Space Station.]FIGURE 1 | Administration Protocol of the Cognition Battery on 6-month ISS missions. Note: Pre-flight assessment occurred approximately 90 (M = 116.44, SD = 65.42) days before launch (L). The early flight assessment occurred approximately 30 (M = 28.88, SD = 10.01) days after launch and late flight occurred approximately 30 days before return (R). Early post-flight occurred approximately 10 (M = 9, SD = 1.85) days after return and late post-flight was approximately 30 (M = 29.8, SD = 5.6) days after return. Photography Credit: NASA.
2.2 The Cognition Battery
The Cognition Battery is a computerized test that was developed to assess a range of cognitive domains in high performing individuals over successive administrations (Basner et al., 2015; Lee et al., 2020). There are 10 subtests that are modeled after well-known neuropsychological tests. The battery has 15 alternate versions and published corrections to minimize practice effects with successive administrations (Basner et al., 2020a). The Cognition Battery was installed and administered to crew on Hewlett Packard Z-Book 15 G2 laptops for all sessions. The average to complete a full session was 37.10 min (SD = 25.16). Performance metrics were calculated consistent with previous studies using the Cognition Battery in spaceflight or spaceflight analogs to facilitate comparison across studies. Metrics across most subtests are broadly characterized with speed (i.e., reaction time recorded to nearest millisecond) and accuracy scores. A familiarization and practice session preceded all pre-flight data collection session to introduce participants to the battery.
The Visual Object Learning Task (VOLT) is a task of visual learning and memory. Participants are directed to memorize three-dimensional figures and are later instructed to select those targets from a set that includes both old and new figures.
The Fractal 2-Back (F2B) is a task of nonverbal working memory. The task presents sequential figures that have the potential to repeat multiple times. Participants must respond when the current stimulus matches the one displayed two figures prior.
Abstract Matching (AM) is a difficult executive functioning task that assesses abstraction, problem-solving, and concept formation. Participants are presented with object pairs and are required to match target items to one of the two pairs based on abstract rules not explicitly provided to them.
The Line Orientation Task (LOT) is a measure of visuospatial orientation. Participants are presented with two lines and are required to rotate one until it is parallel to its counterpart. The presented lines vary in length and orientation.
The Emotion Recognition Task (ERT) assess facial emotion recognition. Participants are shown photographs of people portraying a range of facial emotions and are required to select one of five labels that most accurately describes the expressed emotion. The possible labels are “happy”, “sad”, “angry”, “fearful”, and “no emotion”.
The Matrix Reasoning Task (MRT) is a task of nonverbal abstract reasoning and pattern recognition and is analogous to a well-known paradigm often utilized for assessing general intelligence. A pattern series is presented on a grid and one item in the pattern is missing. The participant is directed to select the item that fits the pattern from a set of potential options.
The Digit Symbol Substitution Task (DSST) measures complex scanning, visual tracking, and speed of processing. Participants are provided with a legend linking single digits to unique symbols. One of the nine symbols appear on the screen and participants select the corresponding number as quickly as possible. The entire task has a fixed duration of 90 s.
The Balloon Analog Risk Test (BART) is a measure of risk-taking behavior. Participants either inflate an animated balloon or choose to collect a reward. However, the balloon will pop after an unknown number of pumps that changes from trial to trial, which requires the participant to judge the behavior of balloons and adjust their strategy. Rewards are given as a function of when it was collected relative to the balloon’s final possible size.
The Psychomotor Vigilance Test (PVT) is a task of vigilant and sustained attention that assesses response times to visual stimuli that are seen at random intervals. Crew members are asked to press the space bar as quickly as possible when they see a millisecond counter appear on the screen. They are instructed to inhibit responses when the number counter is not present. The current implementation utilized a validated 3-min version with 2–5 s interstimulus intervals and a 355-m lapse threshold.
The Motor Praxis Task (MPT) assesses sensorimotor speed. Participants click randomly generated squares on the screen that become successively smaller over the trial. Speed is assessed by time to click the squares.
2.3 Cognitive performance
Speed and accuracy scores were calculated for each subtest in the Cognition Battery (Basner et al., 2015; Basner et al., 2021a; Basner et al., 2020a; Basner et al., 2021b; Lee et al., 2020). Speed outcomes for each task are represented as the average response time (in milliseconds), except for the PVT, which was calculated as 10 minus the reciprocal of the response time. Accuracy is measured as the proportion correct to total stimuli for five of the subtests (VOLT, AM, ERT, MRT, DSST). For F2B, the accuracy score was a proportion that accounts for the number of matches (i.e., correct hits) and non-matches (i.e., correct rejection). The LOT accuracy score is a proportion that accounts for the number of clicks the participant was off from the correct orientation. The PVT accuracy score is a proportion that accounts for lapses, false starts, and the total number of stimuli presented. The BART risk score is a proportion that considers the maximum pumps possible and the total pumps taken. Scores range from 0 to 1 with higher values indicating greater risk tolerance. In other words, higher scores suggest that the individual is more willing to risk popping the balloon in return for a higher reward. No accuracy score was calculated for the MPT as directions for this task does not emphasize accurate performance. Published corrections to account for stimulus set and practice effects due to repeated administrations over an average of 12 days were applied (Basner et al., 2020a). Descriptive information and figures of raw scores at each mission phase can be found in Supplementary Material.
All individual outcome scores were z-transformed using the mean and standard deviation of the full sample’s baseline test session, after excluding the individual, that occurred during the pre-fight mission phase. Z-scores for speed were multiplied by (−1), such that higher z-scores indicate better (i.e., faster) performance. Higher z-scores for the BART Risk score indicates greater risk tolerance. Finally, summary speed and accuracy z-scores were calculated by averaging all subtest speed and accuracy z scores (Basner et al., 2021a; Basner et al., 2021b). While the BART speed score was included in the overall speed score, the BART risk score was not included in the overall accuracy score as it is not a measure of accuracy.
2.4 Surveys
Immediately prior to the first subtest, crew members were asked to self-report the number of hours of sleep they obtained the previous evening. They also provided subjective ratings of alertness from 0 (Tired) to 10 (Alert) in the moment in which they submitted their ratings (Basner et al., 2015).
2.5 Analytical approach
Descriptive statistics for speed and accuracy metrics for each subtest were generated for baseline (i.e., pre-flight) raw scores and for z scores at each mission phase (aim 1). A series of linear mixed model (LMM) analyses with random subject intercepts were used to assess the relationship between mission phases and each speed and accuracy performance outcome variable (aim 2). Age, gender, and previous flight experience were included as fixed effects to statistically control for reported associations with cognitive performance (Lee et al., 2020) and possible differences in the magnitude of structural brain alterations (Hupfeld et al., 2022) between novice and repeat flyers. For each LMM, residuals were plotted and normality was assessed using the Shapiro-Wilk test. Robust LMMs were utilized when violations of normality were detected (Koller, 2016). The False Discovery Rate method was applied to adjust for 21 multiple comparisons. Trimmed models with adjusted p-values for each measure are reported in text and tables; unadjusted p-values can be found in Supplementary Table S1. Follow up LMMs with random subject intercepts to facilitate pairwise comparisons included timepoint as a categorical variable to examine differences between mission phases. Tukey’s HSD was applied to adjust for Type I error and adjusted p-values are reported. To examine the frequency of low scores during flight and post-flight performance (aim 3), the percent frequency of data points representing performance 1.5 standard deviations at or below the baseline (i.e., pre-flight) sample mean (z ≤ −1.5) was calculated for each subtest. This cutoff was utilized because it is commonly used to detect impairment in clinical populations (Petersen et al., 2001; Petersen and Morris, 2005; Petersen et al., 1999; Jak et al., 2009). For exploratory analyses, LMMs with random subject intercepts were utilized to assess the relationships between survey items and all speed and accuracy measures for each subtest across all mission phases. Statistical significance was set to α = 0.05 and all analyses were performed using R 4.2.1.
3 RESULTS
Data were downloaded, processed, visualized, and inspected for quality. Data from four subtests were excluded from data analysis, not necessarily from the same individual: one was excluded due to technical difficulties that interfered with task performance, two were excluded due to suspected non-adherence (i.e., pattern of accuracy and speed outliers indicative of rapid responding rapid and/or careless responding and elevated false positives; (Basner et al., 2015)), and one was excluded due to a participant comment indicating confusion with subtest instructions. Table 1 displays raw baseline (i.e., pre-flight) scores used to generate z-scores for the present analysis and can be used as a preliminary normative database for future studies. Descriptive information for each subtest’s z-scores by mission phase is presented in Table 2.
TABLE 1 | Descriptive Characteristics of pre-flight baseline raw subtest scores at pre-flight mission phase.
[image: A table displaying statistical data for various subtests, including VOLT, F2B, AM, LOT, ERT, MRT, DSST, BART, PVT, and MPT. Columns show subtest names, sample sizes (N), mean, median, standard deviation (SD), minimum, and maximum values. A note explains that the BART accuracy score reflects risk-taking propensity and mentions data point adjustments for F2B, PVT, and LOT.]TABLE 2 | Descriptive Characteristics of Z-scores by subtest and mission phase.
[image: Table displaying Z-scores for various cognitive subtests across six phases: pre-flight, early flight, late flight, early post-flight, and late post-flight. Categories include summary speed and accuracy, VOLT speed and accuracy, and others. Each subtest shows mean (M) and standard deviation (SD) ranges. Note mentions BART accuracy reflects risk-taking propensity.]3.1 Cognitive performance over mission phases
Hypothesis 1. suggested that there would be mild decrements in early flight and early post-flight mission phases relative to pre-flight. For each outcome we first present results assessing linear relationships of performance over mission phases (see Supplementary Table S1) followed by direct pairwise comparisons between mission phases. Linear mixed models revealed no linear relationship between mission phase and the summary speed score. In support of Hypothesis 1, pairwise analysis characterizing differences in summary speed between mission phases (Figure 2, Panel A) revealed significant, but small, differences between pre-mission and early flight (β = .35, adjusted p = .002, ∆z = .31) as well as early flight and late post-flight (β = −.33, adjusted p = .004, ∆z = .29). There was no significant difference between pre-flight and early post-flight. Summary accuracy declined over time (β = −.05, adjusted p = .03) but no pairwise comparisons were significantly different (Figure 2, Panel A) and the effect sizes of the mean differences between mission phases were negligible.
Support for Hypothesis 1 across the 10 subtests in the Cognition battery varied by domain. Differences between mission phases were observed in several subtests, even among those with no linear associations with time (Figures 2, 3). VOLT speed and accuracy remained stable over time and between mission phases. No pairwise comparisons between mission phases survived multiple comparisons and the effect sizes of the mean differences in VOLT accuracy (∆z’s = .07 to .55) and speed (∆z’s = .02 to .11) between mission phases ranged from negligible to medium. See Figure 2, Panel B.
F2B speed declined over time (β = −.23, 95% CI [-.35–.1], adjusted p < .001). Pairwise contrasts revealed faster performance during pre-mission compared to all other mission phases (β′s range .8–1.29; adjusted p’s range .01 to < .001). The effect sizes of the significant mean differences between mission phases were large (∆z’s = .81 to 1.23). F2B accuracy remained stable over time and between mission phases. See Figure 2, Panel C.
AM speed improved over time (β = .12, 95% CI [.07 – .17], adjusted p < .001). Pre-flight performance was slower than late in-flight (β = −.35, adjusted p = .03, ∆z = .40) and both post-flight phases (vs early: β = −.39, adjusted p = .01, ∆z = .47; vs. late: β = −.43, adjusted p = .004; ∆z = .52). Early in-flight performance was also slower than both post-flight phases (vs early: β = −.36, adjusted p = .03; ∆z = .35; vs late: β = −.41, p = .009; ∆z = .40). The effect sizes of the significant mean differences ranged from small to medium. AM accuracy remained stable over time and between mission phases. See Figure 2, Panel D.
LOT speed and accuracy remained stable over time and between mission phases. See Figure 2, Panel E.
ERT speed improved over time (β = .1, 95% CI [.03 – .17], adjusted p = .02). No pairwise comparisons between mission phases were significant and the effect sizes of the mean differences for ERT speed between mission phases ranged from negligible to small (∆z’s = .05 to .41). ERT accuracy remained stable over time and between mission phases. See Figure 3, Panel A.
MRT speed improved over time (β = .13, 95% CI [.04 – .23], adjusted p = .02). Late post-flight performance was faster relative to both in flight mission phases (vs early: β = −.81, adjusted p = .002, ∆z = .74; vs late: β = −.6, p = .04, ∆z = .60); effect sizes of the significant mean differences between mission phases ranged from medium to large. MRT accuracy remained stable over time and between mission phases. See Figure 3, Panel B.
There was no significant linear association between time and DSST speed (β = −.05, 95% CI [-.13–.04], adjusted p = .42). However, comparison of discrete mission phases revealed slowed performance during both in flight (vs early: β = .78, adjusted p = .0001, ∆z = .78; vs late: β = .73, adjusted p = .0002, ∆z = .72) and early post-flight (β = −.61, adjusted p = .003, ∆z = .74) compared to pre-flight performance. Effect sizes of the significant mean differences between mission phases were large. DSST accuracy remained stable over time and between mission phases. See Figure 3, Panel C.
BART speed remained stable over time and between mission phases. The BART Risk Score declined over time (β = −.23, 95% CI [-.31 to −.15], adjusted p < .001). Pairwise comparisons between mission phases revealed greater risk tolerance during pre-flight and early flight phases compared to late flight (vs pre-flight: β = .78, adjusted p = .0002, ∆z = .86; vs early flight: β = .70, adjusted p = .001, ∆z = .68), early post-flight (vs pre-flight: β = .61, adjusted p = .007, ∆z = .70; vs early flight: β = .53, adjusted p = .03, ∆z = .52) and late post-flight (vs pre-flight: β = .9, adjusted p < .0001, ∆z = .94; vs early flight: β = .82, adjusted p = .0001, ∆z = .77) mission phases. The effect sizes of the significant mean differences between mission phase ranged from medium to large. See Figure 3, Panel D.
There was no significant relationship between time and PVT speed (β = −.07, 95% CI [-.17–.03], adjusted p = .27). However, comparison of discrete mission phases revealed slowed performance during early flight compared to pre-flight mission phases (β = .62, adjusted p = .05, ∆z = .5); the effect size of the mean difference was medium. PVT accuracy remained stable over time and between mission phases. See Figure 3, Panel E.
MPT speed improved over time (β = .09, 95% CI [.02 – .17], adjusted p = .03). Pairwise comparisons of mission phases revealed that MRT speed was faster in the late post-flight mission phase compared to early in-flight (β = −.63, adjusted p = .0005, ∆z = .57) and early post-flight (β = −.48, adjusted p = .02, ∆z = .29) and marginally faster than late flight (β = −.4, adjusted p = .06, ∆z = .39). Corresponding effect sizes for the significant mean differences between mission phases were small to moderate. See Figure 3, Panel F.
[image: A series of graphs is displayed in five panels labeled A to E, showing speed and accuracy measures over several time phases: early flight, late flight, and post-flight. Each panel has two graphs side by side, with z-score on the y-axis and different cognitive tasks named at the top of each graph. The lines with markers indicate changes across time phases, with some panels showing statistically significant differences.]FIGURE 2 | Speed and Accuracy Scores Over Mission Phase. Adjusted pairwise comparisons of speed and accuracy scores between mission phases in a subset of Cognition Battery subtests. (A) Summary speed and accuracy scores remained stable. (C) Speed was slower on the Fractal 2 Back (F2B) task at the early flight mission phase and persisted through post-flight phases. (D) Performance on Abstract Matching (AM) was faster over time, likely reflecting residual practice effects. (B) and (E) Stable scores across mission phases were observed on the Visual Object Learning (VOLT) and Line Orientation Task (LOT). *adjusted p < .05.
[image: Charts display speed and accuracy across different cognitive tasks: ERT, MRT, DSST, BART, PVT, and SPT. Each task has two graphs showing performance during "Pre-Flight," "Early Flight," "Late Flight," and "Post-Flight." Speed and accuracy are consistent across phases with minor variations. Significant differences are marked with asterisks.]FIGURE 3 | Speed and Accuracy Scores Over Mission Phase Continued. Adjusted pairwise comparisons of speed and accuracy scores between mission phases in a subset of Cognition Battery subtests. (A) Stable scores across mission phases on the Emotion Recognition Task (ERT). (B) Performance on Matrix Reasoning Task (MRT) was faster over time, likely reflecting residual practice effects. (C) Speed was slower on the Digit Symbol Substitution Task (DSST) at the early flight mission phase and persisted through the early post-flight phase. (D) Reduced risk taking propensity on the Balloon Analog Risk Test (BART) task after the early flight phase. (E) Reduced speed the Psychomotor Vigilance Test (PVT) during the early flight phase only. (F) Faster performance on Motor Praxis Task (MPT) during the late post mission phase. *adjusted p < .05.
3.2 Frequency of low scores
Overall, 11.8% of all individual test scores were at or below 1.5 standard deviations of the full sample baseline mean (i.e., z-score ≤ −1.5). Consistent with Hypothesis 2, the subtests with the greatest frequency of low scores were on tasks of working memory (F2B; 18.7%), processing speed (DSST; 16.7%), and sustained attention (PVT; 13.6%). The frequency of low scores on the BART risk score (19.2%) was also higher than speed and accuracy scores on other subtests; these scores represent individual observations indicating substantially decreased risk taking propensity compared to pre-flight baseline. See Table 3. Figure 4 selects the three subtests with the highest frequencies of low scores, respectively, and presents data across mission phases.
TABLE 3 | Percent frequency of low scores during flight and post-flight.
[image: Table showing subtest scores for Speed, Accuracy, and Subtest Total. Each subtest, such as VOLT, F2B, and others, lists specific scores under each category. Note: Low scores are identified as 1.5 standard deviations below average. BART accuracy indicates risk-taking propensity.][image: Box plot charts display Z-scores of three tests—F2B, DSST, and PVT—across different flight phases. Each test is shown under "Speed" and "Accuracy" headings, with categories labeled Pre-Flight, Early Flight, Late Flight, and Post-Flight. The plots compare performance variations in these phases, illustrating central tendencies and spread through median lines and box ranges. Each group shows minimal fluctuations across conditions.]FIGURE 4 | Frequency of Low Scores Low scores were defined as any individual test score that was at or below 1.5 standard deviations of the samples pre-flight baseline performance (z-score ≤ −1.5). The Fractal 2-Back (F2B; (A)), Digit Symbol Substitution Task (DSST; (B)), and Psychomotor Vigilance Test (PVT; (C)) subtests had greater than 13% of flight and post-flight data that were classified as a low score. All low scores that were below our pre-determined cut-off (dotted line) are represented in solid triangles.
3.3 Sleep duration and alertness over mission phases
Across all mission phases, there were no relationships between hours of sleep reported and performance on any subtest of the Cognition battery. Alertness was inversely related to DSST accuracy (β = −.1, p = .05) only. See Table 4.
TABLE 4 | Self-reported hours of sleep and alertness.
[image: Table showing self-reported sleep and alertness data across flight phases. Pre-flight: Sleep 6.53 hours (SD 1.56), Alertness 6.56 (SD 2.02). Early flight: Sleep 6.42 (SD .94), Alertness 6.46 (SD 1.89). Late flight: Sleep 6.38 (SD 1.21), Alertness 5.96 (SD 2.46). Early post-flight: Sleep 7.24 (SD 1.23), Alertness 5.92 (SD 2.25). Late post-flight: Sleep 6.98 (SD .7), Alertness 6.32 (SD 2.1). Ranges in parentheses. Note on measurement scale included.]4 DISCUSSION
This investigation characterized performance across a wide breadth of cognitive domains in a sample of 25 astronauts on 6-month ISS missions. We were unable to locate any published studies with a more comprehensive or larger dataset on a sample of astronauts; thus, we believe this study makes a substantial contribution in characterizing astronaut cognitive performance in spaceflight. We have reported pre-flight baseline descriptive information characterizing cognitive performance across all subtests that can be utilized as a preliminary normative database for future research. As a group, astronaut crew demonstrated generally stable performance on summary measures of cognition and only mild changes in isolated cognitive domains during specific mission phases. Specifically, slowed performance was observed early in flight on tasks of processing speed (i.e., DSST), visual working memory (i.e., F2B), and sustained attention (i.e., PVT); slowed processing speed and working memory persisted into post-flight. Risk taking propensity also reduced after the early flight mission phases. A total of 11.8% of all flight and post-flight scores were classified as low, such that they fell at or below 1.5 standard deviations below the sample’s pre-flight baseline mean. Finally, exploratory analysis found no consistent relationships between cognitive performance and either self-reported amount of sleep or ratings of alertness. This study makes three important contributions which are discussed next.
First, we report no systematic decline in cognitive performance during 6-month low earth orbit missions among the largest sample of professional astronauts published to date. This is in contrast to some of the previous research that observed declines across several cognitive domains during flight and post-flight mission phases (Garrett-Bakelman et al., 2019; Takács et al., 2021). Our results do not necessarily contradict these findings as we also observed interindividual variability in our sample and it is possible that longer duration missions elicit greater decrements at later mission phases. However, we did not find support for group level impacts of spaceflight conditions on cognitive performance in low earth orbit.
Next, by using a comprehensive assessment of cognitive functions we identified cognitive domains that were more variable across phases of a 6-month low earth orbit missions. This suggests that these cognitive domains are more vulnerable to spaceflight conditions than other domains. Specifically, we observed early flight slowed performance, but stable accuracy, on tasks of processing speed and visual working memory that persisted through the duration of the mission. Visual working memory speed did not return to pre-flight levels at 30 days post mission. Slower performance on the PVT was observed during early flight only. Notably, these decrements were present despite generally preserved, or even improved, sensorimotor functioning. These findings are consistent with astronaut self-report of “brain fog” (Clément et al., 2020; Stuster, 2010; Stuster, 2016), the NASA Twin Study (Garrett-Bakelman et al., 2019), and analog studies simulating prolonged microgravity (Basner et al., 2021a; Basner et al., 2021b; Liu et al., 2012; Lipnicki and Gunga, 2009) and sleep restriction (Wang et al., 2014). This is also consistent with documented pre to post mission alterations in brain structure and function (Roy-O’Reilly et al., 2021; Doroshin et al., 2022; Jillings et al., 2023) that can contribute to cognitive inefficiency. Our results also revealed decreases in the BART risk taking score after the early flight mission phase, suggesting that astronauts were less likely to take risks in late mission and post mission phases. Greater comfort with risk taking at early flight may reflect the novel and inherently hazardous nature of operational activities that require crew to accept risk in order to complete. Risk taking is relatively understudied in spaceflight despite the hazardous environment, though others have reported increases in flight (Garrett-Bakelman et al., 2019), no changes during simulated prolonged microgravity (Basner et al., 2021a; Basner et al., 2021b), and decreases during social isolation (Erskine-Shaw et al., 2017; Zivi et al., 2023) and fatigue (Hisler and Krizan, 2019). This finding warrants further study as the ability to modulate risk taking propensity across the mission may be an adaptive skill that enables the astronaut to appropriately approach mission demands. Finally, we observed no decrements in concept formation, abstract reasoning, or visuospatial learning and memory, though other studies indicate there may be individual differences in vulnerability to decrements in these domains (Premkumar et al., 2013; Garrett-Bakelman et al., 2019). Indeed, frontal and hippocampal structures that support these functions are sensitive to radiation exposure (Desai et al., 2022), stress (Mandrick et al., 2016; Wingenfeld and Wolf, 2014), isolation and confinement (Stahn et al., 2019), and microgravity (Koppelmans et al., 2016; Lee et al., 2021; Li et al., 2015). Thus, it is possible that longer duration missions with greater exposure to spaceflight hazards or individual vulnerabilities to stressors will exacerbate decrements in future exploration missions.
Finally, we present the first published professional astronaut preliminary normative dataset for the Cognition Battery that can be used to derive standard scores to identify significant deviations from pre-flight baseline functioning. For example, despite modest group level differences in cognitive performance across most subtests, 11.8% of observations across all tasks during flight or post-flight fell at or below 1.5 standard deviations of the samples pre-flight baseline mean. The greatest number of observations below cut off were on tasks assessing working memory, processing speed, and sustained attention, which are domains vulnerable to state-like alterations related to acute changes in sleep (Jones et al., 2022; Lim and Dinges, 2010), stress (Eysenck and Calvo, 1992), workload (Ghalenoei et al., 2022), and dehydration (Wittbrodt and Millard-Stafford, 2018). Though there is no evidence of an increased frequency of low scores in this sample compared to other cognitively healthy populations (Crawford et al., 2007; Binder et al., 2009), even highly infrequent or temporary barriers to adequately engaging cognitive functions required to perform complex operational task may result in catastrophic consequences in spaceflight. This preliminary normative dataset provides operational support with the ability to identify low scores during flight, elucidate effective in mission support to enhance performance (i.e., stress reduction, timeline alterations), or inform concept-of-operations during mission critical tasks. This dataset can also be utilized in future research to compare performance against future astronauts on extended duration missions or those that venture beyond low earth orbit and include more extreme stressors.
These significant contributions underscore critical knowledge gaps that should be prioritized for future research. First, there are likely individual differences in susceptibility to spaceflight environmental stressors. The current sample size was too small to stratify our normative baseline by age. Although we did not find clear associations between cognitive performance and self-reported hours of sleep or ratings of alertness, there are several other stressors that are not accounted for in the current dataset such as workload, stress and fatigue specific to extravehicular activities, nutrition/exercise, and individual behavioral health. These may become more impactful during future space exploration missions as conditions of greater radiation exposure, extra-vehicular surface activities, and earth independent operations deplete individual cognitive reserve to unmask larger decrements. The operational consequences to observed changes in cognitive performance also remains unknown. The everyday demands required of spaceflight are more complex, dangerous, and uncertain than those of terrestrial life suggesting that current clinical thresholds to define impairment may not be appropriate. Basner et al. (2020b) reported associations between a spaceflight docking task and processing speed, sustained attention, visuospatial orientation, and abstract reasoning, suggesting that this mission critical task is vulnerable to some of the decrements we observed in this investigation. Future studies investigating the relationship between cognitive performance and other operationally activities are required to determine appropriate decrement thresholds beyond which performance is most at risk. Further development of earth independent operational supports to maintain optimal cognitive performance will further reduce the risk to individual cognitive health and performance on operational tasks.
The reported results should be interpreted in the context of some limitations. Despite applying corrections for practice effects, the reported data suggests continued improvement over time in a subset of the Cognition Battery subtests. This likely due to small sizes and key differences between our study design and that of the published corrections, including administration intervals (i.e., 10–28 days vs > 60 days) and population (i.e., university vs. operational settings). Updates to the practice corrections may be warranted now that the Cognition Battery has become more commonly used among several high performing operational environments. Cognitive performance assessed during the early flight and early post-flight stages were collected on average 28.88 (SD = 10.01) days after launch and 9 (SD = 1.85) days after landing. Thus, performance was not characterized during what may be the most acute transitional phases of a mission or during long term follow up. Nevertheless, the pre-flight data published here is the first preliminary astronaut normative dataset that can be used in future studies to derive standard scores for independent samples.
In summary, we observed no evidence for systematic widespread declines in cognitive performance suggestive of damage to the central nervous system during 6-month ISS missions. Our results revealed early mildly slowed performance in isolated tasks of processing speed, working memory, and attention that persisted to varying degrees through the mission, reduced risk taking after early flight mission phases, and stable performance on tasks of memory and executive functions. This investigation makes a substantial contribution by providing a pre-flight normative sample of professional astronauts that can be used to characterize individual or group level deviations from baseline functioning, characterizes cognitive performance under conditions of spaceflight in low earth orbit, and substantially shapes a growing body of literature towards a future that best positions humans to thrive in space.
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Introduction: Exposure to microgravity results in physiological deconditioning, including orthostatic intolerance. Artificial gravity (AG) from short-arm centrifuges is being tested in ground-based studies to counter these effects. Orthostatic tolerance testing with centrifuges before and after these spaceflight analogs could determine the efficacy of an AG countermeasure to orthostatic tolerance. However, there has not been an investigation on how long before analog testing AG orthostatic tolerance data would remain valid for such a study.Methods: A secondary analysis of two experiments involving AG orthostatic tolerance testing (starting at 0.6 for females and 0.8 Gz for males and increased by 0.1 Gz every 3 minutes until presyncope) conducted 7 months apart at MEDES revealed 4 male and 3 female participants who had taken part in both.Results: Comparisons of participants’ time to presyncope between the two tests using Lin’s concordance correlation coefficient (LCCC) showed a significant relationship in time to presyncope between the two test dates (LCCC = 0.98) for males but not for females (LCCC = −0.64). While the cardiovascular data from one female was unusable, the mean heart rate responses to increasing artificial gravity during the orthostatic tolerance procedure showed a strong linear correlation between the two tests for all other participants (all p < 0.008). The LCCC heart rate changes with centrifuge level varied across male participants from 0.61 to 0.97, suggesting that the high LCCC for time to presyncope was achieved with varied HR baselines between the two test dates.Discussion: These findings indicate that time-to-presyncope tests may remain valid up to 7 months after the testing date for males. We highly recommend further study with larger numbers of male and female participants.Keywords: short-arm human centrifuge, presyncope, cardiovascular, heart rate, blood pressure
INTRODUCTION
Long-term spaceflight, such as that seen with crewed missions on the International Space Station (ISS), introduces the challenge of physiological deconditioning within the human body which has been shaped by life on Earth. This deconditioning takes place across multiple body systems and includes the loss of muscle and bone mass, increased risk of thrombo-embolism, and the development of orthostatic intolerance (Blaber et al., 2011; Goswami et al., 2012; Goswami et al., 2013; Goswami, 2017; Goswami et al., 2019c; Harris K. et al., 2022; Harris K. M. et al., 2022; Rittweger et al., 2015). Orthostatic tolerance refers to the ability to maintain cerebral perfusion while standing, thereby maintaining oxygen delivery via blood flow to the brain. These adaptations that occur in the microgravity environment present as disadvantages and have disabling effects upon the subsequent return to Earth’s gravity. Since the establishment of a permanent presence in space with the ISS, scientists have spent much time in developing and perfecting countermeasures such as pharmaceuticals, nutrition, exercise prescription, lower body negative pressure (LBNP) (Goswami et al., 2019a; Goswami et al., 2019b; Goswami, 2023), and artificial gravity (AG) (Evans et al., 2018; Laing et al., 2020; Tanaka et al., 2017; Winter et al., 2018).
When conducting AG studies using a short-arm human centrifuge (SAHC), typically the research team conducts a time-to-presyncope test to determine the gravitational-load tolerance limit of the individual (Evans et al., 2015; Goswami et al., 2015). This test is primarily conducted to find the upper limit of gravitational forces the person will experience before losing consciousness. The prescription of AG used afterward is usually based on this time-to-presyncope test. As such, the presyncope test is conducted first, normally a few weeks before the targeted study intervention is to be carried out. For this reason, it is important to understand how long the time-to-presyncope test remains valid for screening participants. The repeatability of presyncope tests has been explored in other spaceflight countermeasures, such as LBNP (Goswami et al., 2009), which did not show a difference in heart rate, mean arterial pressure, total peripheral resistance, cerebral artery blood flow velocities, and cerebral oxygen saturation between exposures separated by 4 weeks (Kay and Rickards, 2015). Therefore, the purpose of this study was to investigate the repeatability of SAHC time-to-presyncope test protocols based on heart rate responses for healthy males and females spaced 7 months between exposure to the same presyncope protocol.
METHODS
Participants
Secondary analysis of data from volunteers who took part in two independent centrifuge research projects with the same presyncope protocol were used. In both projects, the presyncope test was used to determine participants’ orthostatic tolerance before implementation of any test procedures. A review of participants from the two studies found four males and three females who took part in both AG studies. They ranged in age from 27 to 34 (31 ± 2.9, mean ± SD) years with an average height of 170 ± 7.1 cm and an average weight of 70.2 ± 5.0 kg.
Selection criteria for both projects were the same. The recruited participants were healthy, un-trained, non-obese, non-smoking individuals free of chronic illness or acute infectious disease, ENT, orthopedic, cardiovascular, and neurological disorders, particularly orthostatic hypotension, and vestibular disorders. They were also free of alcohol or substance dependence and did not require medical treatment. Participants also underwent medical examination, including screening by a physician, urinalysis, and an exercise stress test. If all medical criteria were met, the participants underwent an orientation session with the SAHC, where they were centrifuged at 1.0G at the foot for 10 minutes. Those participants without vestibular or cardiovascular disturbances were then enrolled in the study.
Presyncope data were collected from two separate sessions using the same protocol in July 2021 and February 2022, using the SAHC at the MEDES Space Clinic in Toulouse, France.
Ethical approval for all research was obtained from the Comité de Protection des Personnes/CPP Sud-Ouest Outre-Mer I and the Agence Française de Sécurité Sanitaire des Produits de Santé for each aspect of the study and scientific protocols. Research associated with our analysis was approved by the Office of Research Ethics at Simon Fraser University. A written informed consent was signed by each participant.
Equipment for AG and data collection
The device used to collect heart rate (HR) during both protocols was a three-lead ECG (Philips Monitor IntelliVue) using the Lead II configuration of electrode placement. Blood pressure was recorded from a non-invasive photoplethysmograph (BMEYE, Amsterdam, Netherlands) placed on the index finger of the participant’s right hand. The SAHC device used in both the July and February protocols was located at the MEDES Space Clinic in Toulouse, France (European Space Agency).
Protocol
The protocol for the time-to-presyncope test (Figure 1) in both studies had the participants lie supine in the centrifuge with baseline level 0 G for 10 minutes, followed by 10 minutes 0.6 G for the female participants and 0.8 G for the male participants at the level of the heart (detailed in Goswami et al., 2015; Evans et al., 2015). The acceleration of the SAHC was increased by 0.1 G every 3 minutes, continuing until the participants showed signs or symptoms of presyncope—defined using any of the following criteria: i) a drop in systolic blood pressure (SBP) below 80 mmHg or by a drop ≥20 mmHg/min, ii) a drop in diastolic blood pressure (DBP) ≥10 mmHg/min, iii) a drop in heart rate ≥15 bpm, iv) the occurrence of light-headedness, visual disturbances, nausea, clammy skin, or pallor skin, and/or v) at the request of the participant (Gao et al., 2008; Hinghofer-Szalkay et al., 2011)—or until the cardiac output dropped to half of the outset value. Real-time interpretation of the ECG for heart rate, and the blood pressure signal for systolic, diastolic, and mean arterial blood pressure along with Windkessel model (Wesseling et al., 1993) derived cardiac output were displayed solely for medical monitoring during the operation of the SAHC and not recorded. Participants did not change lifestyle habits between the two studies.
[image: Graph showing Gz at heart level versus time in minutes. Gz increases from 0 to 1.6 g over 40 minutes in steps. Initial step lasts 10 minutes, followed by shorter 3-minute steps. Sign of presyncope and return to zero g are marked.]FIGURE 1 | Example of a time to presyncope protocol. Participants were instrumented for heart rate and blood pressure monitoring while supine in the nacelle of the short-arm centrifuge. Following a 10-min rest period while systems were checked, centrifugation started with a 10-min baseline at 0.8 g (0.6 g for female participants) at the level of the heart after which a ramped of 3-min 0.1 g increments was applied until onset of presyncope (based on Goswami et al., 2015). At the onset of presyncope, participants were told to do a heel raise to activate venous return via the skeletal muscle pump, while the centrifuge was slowed to 0 g through a controlled stop.
Data analysis and interpretation
The ECG and blood pressure waveforms were exported from their respective devices and recorded simultaneously at 1,000 Hz using a National Instruments USB-6218 16-bit data capture equipment and LabVIEW 2013 software (National Instruments Inc, TX, United States). Beat-by-beat analysis of these data was performed off-line. Unusable data (raw data from beats in which the mean could not be reliably calculated, either due to noise or lack of signal) were removed and the time series adjusted by interpolating new values from the two valid points surrounding the excluded segment.
Statistical analysis of cardiovascular responses was performed using JMP® Version 16 (SAS Institute Inc., Cary, NC, United States). Baseline cardiovascular measurements were compared between the two test dates using paired Wilcoxon on ranks method.
The Lin’s concordance correlation coefficient (Lin et al., 2002) analysis was performed in Microsoft Excel to determine the repeatability of time to presyncope using the eight participants as well as for each sex. This procedure was also used to determine the repeatability of heart rate responses to changes in centrifuge g levels between the two dates. The mean HR at each g-level stage of the centrifuge protocol in both time-to-presyncope tests was determined from the ECG using MATLAB (MathWorks Inc., United States).
Secondary comparisons of time to presyncope and individual heart rate changes with g level were conducted using a linear regression function (JMP® Version 16).
RESULTS
The ECG and blood pressure signals from participant 110 were not usable. As a group, excluding participant 110, there were no significant and consistent differences in cardiovascular measurements between the two test dates (July 2021 vs. February 2022) in baseline HR (82 ± 4 vs. 86 ± 3 bpm, p = 0.38), SBP (143 ± 7 vs. 156 ± 9 mmHg, p = 0.58), or DBP (76 ± 3 vs. 90 ± 7 mmHg, p = 0.093), although there were varied individual responses with some showing large changes either increasing or decreasing from July 2021 (Figure 3).
A comparison of the time to presyncope from July 2021 and February 2022 gave an LCCC of 0.73 using the eight participants. This value increased when only male participants were included (LCCC = 0.98) and reduced with only female participants (LCCC = −0.64). The line of concordance is shown in Figure 2.
[image: Scatterplot comparing presyncope times in seconds from July 2021 to February 2022. Points are labeled with numbers: 119, 112, 114, 110, 105, 115, and 108. A solid trend line and a dashed line indicate different regression models. The x-axis represents July 2021 presyncope times, and the y-axis represents February 2022 times, ranging from 1000 to 2500 seconds.]FIGURE 2 | Linear regression fit line of time-to-presyncope test (s) for July 2021 and February 2022 for only the four male participants (circles, solid line) and with all the participants (addition of three females (triangles, dash-dot line). The line of concordance is shown as a dashed line.
A comparison of the time to presyncope between the two study dates had a linear relationship for the group of men and women (n = 8) (Figure 2, dashed line) (Equation 1).
[image: Mathematical equation: February 2022 equals 394 plus 518 plus 0.84 plus or minus 0.31 times July 2021 sub i. The equation has an R-squared value of 0.51 and a p-value of 0.043.]
However, the female participants (n = 3) did not show any significant relationship (r2 = 0.78, p = 0.22), whereas the male participants exhibited a strong linear relationship (Figure 2, solid line) between the two dates (Equation 2).
[image: Please upload the image or provide a URL for me to generate the alt text.]
The concordance (LCCC) between the average HR at each level of centrifugation until presyncope was compared between the two test dates for each participant (Table 1) with individual lines of concordance lines provided in Figure 4. Three of the six participants had LCCC values greater than 0.95.
TABLE 1 | Individual regression results (Figure 4) from the comparison of average HR of February 2022 with July 2021 and Lin’s concordance correlation coefficient (LCCC, Lin et al., 2002).
[image: Table displaying data for male and female participants with columns: Participant, Intercept, HR slope, HR r-squared adjusted, HR p-value, and LCCC. Male participant values: 105, 108, 114, 115. Female participant values: 112, 119. Each cell contains corresponding numerical data.]The linear relationship between the average HR at each level of centrifugation until presyncope was compared between the two test dates (Figure 4) using regression analysis. The HR over the two separate tests were found to be highly correlated with the minimum r2 of 0.91 (Table 1). All slopes were significantly greater than 0 (all p < 0.008). The average slope of the regressions was not significantly different from 1 and the average intercept not different from 0.
Five of the eight selected participants had their tests runs at the same time of day (morning or afternoon) on the two test dates. However, three participants (115, 112, and 119) did not. Initially, participants 115 and 119 underwent their tests in the afternoon, while participant 112 had their first test in the morning.
DISCUSSION
We examined the repeatability of the time-to-presyncope testing for SAHC which had not previously been studied. Our analysis revealed that the time-to-presyncope between the two test dates had a high degree of concordance (LCCC>0.95) and were highly linearly correlated in the males. Female participants’ times to presyncope, however, had a low LCCC (>0.7) and were not significantly linearly correlated between the two test dates. HR changes with Gz regressions were highly correlated in both males and females, with the slopes not different from one and intercepts not different from zero. However, the LCCC values ranged dramatically between male participants with two showing low concordance (<0.8), but not the females (LCCC>0.85). This may indicate that differences in cardiovascular baseline did not affect male presyncope time outcomes.
Overall, the SAHC presyncope test with males was repeatable after 7 months. While this observation may not be conclusive in the light of the limited number of male (n = 4) and female participants (n = 3), several factors could contribute, including sex and seasonal differences.
Previous literature has shown significant differences in the regulation of blood pressure and autonomic responses to orthostatic stress between the sexes, especially during hypovolemia, a major result of true space flight as well as models of spaceflight, like bedrest, immersion and hypovolemia (Evans et al., 2018; Goswami et al., 2019b; Patel et al., 2016; Shankhwar et al., 2023). In particular, participant 119 exhibited a much higher baseline DBP in February 2022 compared to July 2021 (110.57 vs. 74.73 mmHg)—and participant 105 displayed a similar pattern (Figure 3)—which suggests enhanced vasoconstriction in February 2022. This participant’s HR also increased slower in February 2022 than in July 2021 in response to increments of AG (Table 1; Figure 4), which could be attributed to greater vasoconstriction. As a result, participant 119 may have achieved longer presyncopal time in February 2022 compared to July 2021 (1927 vs. 1,201 s). While women typically respond to orthostatic stress with elevated HR (Arzeno et al., 2013; Mark et al., 2014), changes in the involvement of vasoconstriction of participant 119 across two test sessions could be a seasonal factor with reduced vascular function in the winter (Gordon et al., 2024). Menstrual phase has also been shown to affect hemodynamic responses (Shankhwar et al., 2024). Three of the participants were tested at a different time of the day, including 119, but the other two, one male and the other female, had no discernable difference in presyncope time. However, since the sample size is small, future studies on the reliability of presyncope testing should maintain consistent timing of tests and include factors like sex and environment.
[image: Three line graphs compare heart rate, systolic blood pressure (BP), and diastolic BP measurements from July 2021 to February 2022. The heart rate shows an increase for most individuals with values from 105 to 119 bpm. Systolic BP varies, with some increasing and others decreasing, ranging from 105 to 119 mmHg. Diastolic BP trends similarly, with measurements between 105 and 119 mmHg.]FIGURE 3 | Individual cardiovascular changes for participants between July 2021 and February 2022. Solid lines and circles are male participants and dashed lines with triangles are female participants.
[image: Six scatterplots compare February 2022 average heart rate (bpm) against July 2021 average heart rate (bpm). Each features a diagonal line indicating a perfect correlation. Subject numbers 105, 108, 114, 115, 112, and 119 are displayed. Dots represent individual data points.]FIGURE 4 | Linear regression fit lines (solid) for the HR responses of four male and two female participants where each data point represents the average HR for each increment of AG during the presyncope test for comparison of the July 2021 and February 2022 tests. The line of concordance is shown as a dashed line.
Like LBNP and tilt testing (Ector et al., 1998; Güell et al., 1990; Benditt et al., 1996), human centrifugation can be used to determine and improve an individual’s orthostatic tolerance, (Goswami et al., 2015; Evans et al., 2015; Evans et al., 2004; Stenger et al., 2007). For comparison’s sake, LBNP tolerance has been shown to be repeatable up to 1 year for stepwise tests, and anywhere from one to 4 months for continuous ramp tests (Convertino, 2001; Kay and Rickards, 2015). Further, 90% reproducibility in tilt table testing has been shown for up to a week between tilt tests in a study using adult men and women (Grubb et al., 1992). Our results indicate that stepped centrifuge time-to-presyncope test can also be a valid screening tool for AG investigations that occur within 7 months from the test date.
Repeated human centrifugation has been shown to be an effective tool for increasing orthostatic tolerance in both men and women (Goswami et al., 2015; Evans et al., 2015; Evans et al., 2004; Stenger et al., 2007) but more effective in men than women (Stenger et al., 2007; Evans et al., 2015). This difference has only barely been studied and may provide information concerning basic sex differences in response to gravity. The repeatability of g tolerance in individuals implies a genetic influence on this variable, while the increase in g tolerance with repeated AG exposure indicates that the genetic influence can be modified. Establishing criteria to define a clear g tolerance limit will therefore be necessary to: 1) Distinguish individual tolerance levels to classify subjects’ performance, 2) determine effects of repeated AG exposures, 3) determine effects of other countermeasures (exercise, for example), 4) determine effects of deconditioning (space flight, bed rest, immersion, hypovolemia), and 5) determine gender, aging and inactivity effects.
Limitations
Limitations of this study mainly lay in the small sample size of 4 male and 3 female participants that qualified for this investigation. However, we believe that this exploratory pilot study lays the foundation for carrying out bigger epidemiological studies in larger populations. These novel data also advance the literature related to AG-induced presyncopal times.
CONCLUSIONS AND FUTURE DIRECTIONS
As AG-induced presyncopal times were highly repeatable over 7 months in five of the seven participants tested, our results suggest that presyncope tests completed using SAHC-induced AG can be used to compare orthostatic tolerance pre- and post-exposure to interventions looking to improve orthostatic intolerance. However, with the small sample size and possible effects of sex and environmental factors, caution is required.
Tolerance for gravity diminishes during exposure to weightlessness, whether that be exposure to bedrest, water immersion or to spaceflight and a clear test for this tolerance needs to be developed. The criteria for this test will be how long its effects will last and how often it can be administered without significantly influencing the results. The present study indicates that AG tolerance time is a promising candidate for such a test in men that can be spaced as much as 7 months apart. Results from women, however, indicate that this test does not appear to be valid for women and that women’s response to AG exposure may be different from men’s. An effect that needs to be explored in future studies.
Finally, results of this study advance the literature related to orthostatic intolerance. Our results show the feasibility of stepped SAHC presyncope testing to determine an individual’s orthostatic tolerance limit. Upon further validation, this test will provide a gravity-based tool to assess orthostatic intolerance, itself a measure of a prospective astronaut’s fitness for spaceflight. Additionally, the presyncope test plays a crucial role in individualized centrifugation training which can be used as a countermeasure against orthostatic intolerance. In this training, the AG limit is determined from the maximum AG level at presyncope (Goswami et al., 2015). With orthostatic intolerance being a growing problem in geriatrics (Goswami, 2017; Goswami et al., 2017; Sachse et al., 2019; Trozic et al., 2019), an individualized training protocol could be an effective diagnostic tool considering the large, individual differences in the cardiovascular tolerance limits of seniors, but those studies are yet to be done.
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