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Astronauts on board the International Space Station (ISS) must adapt to several environmental challenges including microgravity, elevated carbon dioxide (CO2), and isolation while performing highly controlled movements with complex equipment. Head down tilt bed rest (HDBR) is an analog used to study spaceflight factors including body unloading and headward fluid shifts. We recently reported how HDBR with elevated CO2 (HDBR+CO2) affects visuomotor adaptation. Here we expand upon this work and examine the effects of HDBR+CO2 on brain activity during visuomotor adaptation. Eleven participants (34 ± 8 years) completed six functional MRI (fMRI) sessions pre-, during, and post-HDBR+CO2. During fMRI, participants completed a visuomotor adaptation task, divided into baseline, early, late and de-adaptation. Additionally, we compare brain activity between this NASA campaign (30-day HDBR+CO2) and a different campaign with a separate set of participants (60-day HDBR with normal atmospheric CO2 levels, n = 8; 34.25 ± 7.9 years) to characterize the specific effects of CO2. Participants were included by convenience. During early adaptation across the HDBR+CO2 intervention, participants showed decreasing activation in temporal and subcortical brain regions, followed by post- HDBR+CO2 recovery. During late adaptation, participants showed increasing activation in the right fusiform gyrus and right caudate nucleus during HDBR+CO2; this activation normalized to baseline levels after bed rest. There were no correlations between brain changes and adaptation performance changes from pre- to post HDBR+CO2. Also, there were no statistically significant differences between the HDBR+CO2 group and the HDBR controls, suggesting that changes in brain activity were due primarily to bed rest rather than elevated CO2. Five HDBR+CO2 participants presented with optic disc edema, a sign of Spaceflight Associated Neuro-ocular Syndrome (SANS). An exploratory analysis of HDBR+CO2 participants with and without signs of SANS revealed no group differences in brain activity during any phase of the adaptation task. Overall, these findings have implications for spaceflight missions and training, as ISS missions require individuals to adapt to altered sensory inputs over long periods in space. Further, this is the first study to verify the HDBR and elevated CO2 effects on the neural correlates of visuomotor adaptation.

Keywords: sensorimotor adaptation, microgravity, carbon dioxide (CO2), head down tilt bed rest, spaceflight


INTRODUCTION

During spaceflight, astronauts must adapt to various physiologic challenges including microgravity, elevated carbon dioxide (CO2) levels, axial body unloading, and fluid shifts toward the head. These factors can impair sensorimotor function and cognition (De la Torre, 2014). However, it remains unclear whether visuomotor adaptation is impacted by spaceflight. Visuomotor adaptation is a form of sensorimotor learning that requires participants to adapt, or correct for, an external perturbation. Two common examples of visuomotor adaptation include learning to control movements of a computer mouse to accurately move a cursor on a screen under transformed visual feedback and learning to manipulate robotic tools (Rabe et al., 2009). On board the International Space Station (ISS), astronauts must perform highly controlled movements using different types of levers, switches, and various complex scientific equipment. Astronauts thus rely on accurate motor control to appropriately perform these tasks during their day-to-day operations in space.

Typical sensorimotor adaptation tasks involve asking subjects to use a joystick to navigate a computer cursor to a target on a screen; subjects must complete such a task with both accurate and transformed visual feedback. Transformed visual feedback (e.g., rotated cursor feedback or an altered gain of the display) requires subjects to adjust their hand movements to compensate. Such sensorimotor adaptation tasks can be divided into several distinct phases (Smith et al., 2006; Kim et al., 2015). During the baseline phase, individuals receive accurate visual feedback of the cursor position. During the early and late adaptation phases, subjects are presented with a visual perturbation and must adapt their movement accordingly. During the final phase, de-adaptation, the visual perturbation is removed, and individuals are again presented with accurate cursor feedback. In this case, since individuals have adapted to the rotated cursor feedback, they typically show aftereffects and must readapt their movement to readjust to the accurate feedback (Bastian, 2008).

Early adaptation relies on both sensorimotor and cognitive processes (i.e., explicit memory processes); performance improves quickly across several trials during this phase (Anguera et al., 2010; Taylor et al., 2014). In contrast, performance levels are slower to improve during late adaptation (i.e., relying on implicit memory processes; Smith et al., 2006). Previous studies reported that individuals with better spatial working memory also show faster rates of early visuomotor adaptation (Anguera et al., 2010). In addition, past work indicates an overlap in brain activation between the early phase of visuomotor adaptation and spatial working memory task performance; this suggests that the early, but not the late phase of adaptation likely involves spatial cognitive processes (Anguera et al., 2010; Christou et al., 2016).

Head down tilt bed rest (HDBR) is a commonly used spaceflight analog to investigate several effects of the spaceflight environment, including headward fluid shifts and body unloading. Both spaceflight and HDBR are associated with sensory reweighting, changes in cognitive/sensorimotor processes (Bock et al., 2010; Yuan et al., 2016, 2018; Hupfeld et al., 2019), and modifications of brain structure (e.g., Koppelmans et al., 2017; Roberts et al., 2017; Lee et al., 2019b; Hupfeld et al., 2020) and function (Pechenkova et al., 2019) in healthy individuals. Our group (Hupfeld et al., 2019; Lee et al., 2019a; Salazar et al., 2020; McGregor et al., 2021) and others (Zwart et al., 2019; Laurie et al., 2020; Basner et al., 2021) have reported findings from an analog NASA campaign combining HDBR with elevated CO2 levels. Compared to HDBR alone, elevated CO2 better mimics the ISS environment (~0.4% CO2), which has average atmospheric CO2 levels approximately 10 times greater than those on Earth. We recently showed that 30 days of HDBR combined with elevated CO2 (HDBR+CO2) results in reduced brain activity during spatial working memory task performance (Salazar et al., 2020). In another study, we observed adaptive plasticity of the vestibular system during HDBR+CO2 followed by recovery after the conclusion of the intervention (Hupfeld et al., 2019). In this work, we found that HDBR+CO2 was associated with greater increases in activation of multiple brain regions during vestibular stimulation in comparison with HDBR alone, suggesting interactive or additive effects of bed rest and elevated CO2 levels on vestibular processing. However, the effects of HDBR+CO2 on the neural correlates of visuomotor adaptation remain unknown.

Our recent work characterizes how the performance of visuomotor adaptation is influenced by HDBR+CO2 (Banker et al., 2021). We found that HDBR+CO2 alters the way in which individuals engage in sensorimotor processing. Specifically, after 30 days of HDBR+CO2, participants showed greater reliance on procedural (i.e., implicit) memory processes during sensorimotor adaptation from pre- to post-intervention (Banker et al., 2021). We also observed declines in early adaptation performance (i.e., greater direction error) from pre- to post-HDBR+CO2, as well as slower reaction time during late adaptation that lasted from the last day of HDBR+CO2 throughout the two-week recovery period. Moreover, we found no evidence of adaptation savings—faster adaptation that occurs with repeated exposures to the same task—across multiple test sessions. Here we extend this work by using fMRI to characterize brain changes during this visuomotor adaptation task performance across this 30-day HDBR+CO2 intervention. In line with our previous fMRI studies using this same cohort of participants (Hupfeld et al., 2019; Salazar et al., 2020; McGregor et al., 2021), we hypothesized that HDBR+CO2 would reduce brain activity in regions that are typically involved in sensorimotor adaptation. We anticipated that these changes would begin with the start of HDBR+CO2 but recover by 2 weeks post-HDBR+CO2.

We addressed three primary aims within this novel pilot study: (1) to investigate the time course of HDBR+CO2 effects on brain activation during the four phases of a visuomotor adaptation task; (2) to determine whether any brain changes correlated with changes in visuomotor adaptation performance; (3) to assess the isolated effects of CO2 by determining whether any changes in brain activation with 30 days of HDBR+CO2 differed from those we observed in a separate study involving 60 days of HDBR with normal atmospheric levels of CO2 (referred to here as the HDBR control group).

Five individuals in the HDBR+CO2 cohort developed signs of Spaceflight-Associated Neuro-ocular Syndrome (SANS; Laurie et al., 2019). SANS manifests with signs such as optic disc edema and is estimated to affect approximately 16–50 percent of astronauts returning from long-duration missions (Stenger et al., 2017). These individuals showed poorer visuomotor adaptation performance compared to those who did not develop signs of SANS (Banker et al., 2021). Therefore, in the present work, we tested an additional, exploratory aim: (4) to compare subgroup differences between those HDBR+CO2 participants who did and did not develop signs of SANS. We will refer to these subgroups as SANS and NoSANS. As mentioned above, the SANS group performed the visuomotor adaptation task slowly (i.e., had longer reaction times) and showed larger, more persistent aftereffects during the de-adaptation phase from pre- to post-HDBR+CO2 compared to the NoSANS group. Our previous results suggest that the SANS group may be less aware of the visual-proprioceptive conflict induced by the visuomotor adaptation task and more reliant on implicit adaptation mechanisms (Lee et al., 2019a; Banker et al., 2021). Thus, in the present work we hypothesized that the SANS group would exhibit less brain activity during the early, late, and de-adaptation phases of the task over the course of HDBR+CO2 in comparison to NoSANS participants.



MATERIALS AND METHODS


Participants and Testing Timeline


HDBR+CO2

This longitudinal HDBR+CO2 campaign was conducted in 2017 at :envihab, an environmental medicine research facility at the German Aerospace Center (DLR—Deutsches Zentrum für Luft- und Raumfahrt e.V.) in Cologne, Germany. This study included 11 individuals [six males, five females; mean age = 33.91, standard deviation (SD) = 8.03 years]. Participants were tested at six time points: twice before bed rest (“Pre-HDBR+CO2 Sessions”—BR-13 and BR-7), twice during the intervention (“HDBR+CO2 Sessions”—BR7 and BR29), and twice after the end of bed rest (“Post-HDBR+CO2 Sessions”—BR+5 and BR+12). During the 30-day intervention, subjects were restricted to the 6° head-down-tilt position while exposed to ambient 0.5% CO2 at all times. They strictly adhered to a controlled diet and 8-hour sleep period (10:30 PM–6:30 AM) and were not allowed to use a regular pillow. Daily activities such as eating, washing, showering, using the toilet, and leisure activities were performed in the 6° head-down tilt position.

Blood samples were collected 3 days prior to bed rest and on the first day after bed rest as part of NASA’s standard measures evaluations; these blood samples allowed for the measurement of the arterial partial pressure of carbon dioxide (PaCO2) before and after exposure to the elevated CO2 environment.



HDBR Control

We had conducted a separate bed rest campaign in 2019 at the same research facility. This longitudinal study aimed to assess the effects of artificial gravity across 60 days of HDBR as a comprehensive countermeasure against the deleterious effects of spaceflight. In the present work, we examined the participants assigned to the control group of this campaign (n = 8; 6 males, 34.25, SD = 7.9 years) to better understand the specific effects of CO2 vs. HDBR on brain activity. The HDBR control participants completed identical MRI and behavioral testing protocols compared to the HDBR+CO2 group. These participants completed two “Pre-HDBR Sessions” (BR-14 and BR-7) in the 2 weeks prior to starting HDBR. Participants then underwent 60 days of HDBR intervention with normal atmospheric CO2 levels. During this time, participants completed two “HDBR Sessions” (BR29 and BR58). Similar to the HDBR+CO2 campaign, participants remained supine with a 6° head-down tilt at all times, they were not allowed to use a standard pillow, and they also performed all of their daily activities (e.g., eating, washing, showering, using the toilet, and leisure activities) in the 6° head-down-tilt position. These control subjects stayed at the facility for 14 days after HDBR and completed one recovery data collection session during this time (BR+10). Figure 1 displays details regarding the testing timeline for both groups.
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FIGURE 1. Testing timelines. Top: testing timeline for the HDBR+CO2 group. The lighter gray box corresponds to the intervention time, i.e., 30 days of head-down tilt bed rest (HDBR) with 0.5% atmospheric CO2. Bottom: testing timeline for the HDBR group. The darker gray box corresponds to the intervention time, i.e., 60 days of HDBR with normal atmospheric CO2 levels. Stars indicate the three time points used to create the slope images for between-group comparisons.



For both of these campaigns, participants provided their written informed consent and received monetary compensation. All procedures were approved by the local ethical commission of the regional medical association in Germany (Ärztekammer Nordrhein) and by the University of Florida and NASA Institutional Review Boards.


Sensorimotor Adaptation Task

At each testing session (Figure 1), participants performed a visuomotor adaptation task in a 3 Tesla Siemens Magnetic Resonance Imaging (MRI) scanner. Figure 2 depicts further details of this task. Participants moved an MRI-compatible joystick with their right thumb and index finger to reach targets presented on a display screen, with real-time feedback of the joystick location presented as a cursor on the screen. At the beginning of each trial, both a home position target and the cursor appeared in the center of the screen (Figure 2). A target (i.e., an open circle) then appeared in one of four positions located to the right, left, above, or below the origin. Participants were instructed to: (1) move the cursor towards the target as quickly as possible, (2) hold the cursor within the target circle until it disappeared, and then (3) release the joystick to allow the cursor to re-center to the initial start position.
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FIGURE 2. Visuomotor adaptation task. The task includes four phases divided into multiple blocks: baseline (blocks B1, B2), early adaptation (blocks EA1, EA2, EA3, EA4), late adaptation (blocks LA1, LA2, LA3, LA4), and de-adaptation (blocks D1, D2). During baseline and de-adaptation, participants received normal visual feedback from the cursor. In the early and late adaptation phases, participants received a 45° clockwise (CW) rotation of the visual feedback; participants were naïve to this rotation.



The task consisted of four phases: (1) baseline, (2) early adaptation, (3) late adaptation, and (4) de-adaptation. The baseline phase comprised two blocks (B1 and B2). During baseline, participants received real-time veridical visual feedback of the cursor position. During early (blocks EA1, EA2, EA3, EA4) and late (blocks LA1, LA2, LA3, LA4) adaptation, the visual feedback of the cursor location was rotated 45° clockwise (CW) around the central start location; participants did not receive explicit instructions. This visual transformation was introduced to induce an adaptive response; participants gradually adapt to this transformation across trials. During de-adaptation (blocks D1 and D2), the 45° visual perturbation was removed, and participants again received veridical visual feedback of cursor position. This phase of the task allowed us to measure the aftereffects of adaptation.

Similar to our past work (Ruitenberg et al., 2018; Banker et al., 2021), we used direction error as performance outcome metric which was defined as the angle between the line connecting the cursor and the target position (joystick coordinates) at the beginning of the trial and the line from the cursor’s start position to its position (joystick spatial location) at the time of peak velocity. Participants completed a total of 192 trials across the four task phases (e.g., 16 trials per block), at each testing session, however, we analyzed 164 out of 192 trials (i.e., the last 2 or 3 trials of each block were excluded) to be consistent with the number of trials performed by astronauts aboard the ISS in our ongoing longitudinal spaceflight study (Koppelmans et al., 2013; Banker et al., 2021).



fMRI Acquisition Parameters

Neuroimaging data were acquired on a 3-Tesla Siemens Biograph mMR scanner located at the :envihab facility. Identical fMRI acquisition parameters were used for the HDBR+CO2 and HDBR control groups. A gradient echo T2*-weighted echo-planar imaging sequence with the following parameters to acquire fMRI data: TR: 2500 ms, TE: 32 ms, flip angle: 90°, FOV: 192 × 192 mm, matrix: 64 × 64, slice thickness: 3.5 mm, voxel size: 3 × 3 × 3.5 mm3, 37 slices. We also acquired a T1-weighted gradient-echo pulse sequence with the following parameters: TR: 1.9 s, TE: 2.4 ms, flip angle: 9°, FOV: 250 × 250 mm, matrix: 512 × 512, slice thickness: 1.0 mm, voxel size: 0.49 × 0.49 × 1.0 mm3, 192 slices. During the intervention (“HDBR+CO2 Sessions”), the 0.5% CO2 level was maintained during scan sessions with a mask and tank system. During all testing sessions, the subject lay on a foam wedge to maintain the 6° HDBR body posture, although the head was supine within the MRI head coil.

Subjects performed the visuomotor adaptation task in a block design with alternating blocks of two conditions, task (40 s) and rest (20 s). The task was repeated for four blocks of adaptation trials labeled as “early adaptation”, and for another four labeled as “late adaptation”.



fMRI Data Preprocessing and Statistical Analyses


Whole Brain Preprocessing

We performed fMRI preprocessing and statistical analyses using Statistical Parametric Mapping 12 (SPM12, version 7219), MATLAB R2018a, version 9.0, and Advanced Normalization Tools (ANTs; Avants et al., 2011). First, we corrected the functional images for slice timing, and realigned and resliced the images to correct for volume-to-volume head motion. Next, we performed an additional quality check using the Artifact Detection Tool (ART1). We covaried out volumes with a motion threshold equal to or greater than 2.5 mm and a global brain signal Z threshold equal to or greater than nine. Next, we normalized the whole brain fMRI to Montreal Neurologic Institute 152 (MNI152) standard space using ANTs (Avants et al., 2011), in a multi-step procedure: (1) the T1 images were skull stripped using ImCalc (SPM12); (2) participant-specific T1 templates were created using ANTs’ AntsMultivariateTemplateConstuction.sh function; (3) then, to normalize the functional images to standard space, we (4) created participant-specific mean fMRI templates (again using ANTs’ AntsMultivariateTemplateConstuction.sh function); (5) mean fMRI templates were coregistered to the T1 participant-specific templates using AntsRegistration.sh; (6) the T1 templates were normalized to MNI152 standard space using ANTs’ AntsRegistration.sh function; and (7) the resulting warp parameters were applied to the fMRI using ANTs’ AntsApplyTransforms.sh function. Finally, using SPM12, the normalized fMRI was spatially smoothed with an 8 mm full-width half-maximum three-dimensional Gaussian kernel. This preprocessing procedure is identical to that used in our past HDBR neuroimaging work (Hupfeld et al., 2019; Salazar et al., 2020).



Cerebellum Preprocessing

We applied specialized preprocessing to the cerebellum using portions of both the CEREbellum Segmentation (CERES; Romero et al., 2017) pipeline and the Spatially Unbiased Infratentorial Template (SUIT; Diedrichsen, 2006; Diedrichsen et al., 2009) pipeline, again in an identical manner to our past HDBR work (Hupfeld et al., 2019; Salazar et al., 2020). We used these specialized processing algorithms because whole brain warping to a standard MNI template has been found to distort cerebellar structures (Diedrichsen, 2006; Diedrichsen et al., 2009). First, we used the CERES pipeline to segment the cerebellum from each T1-weighted image. We then reset the origin of each individual’s cerebellum segmentation in native space to allow us to coregister each subject’s native space segmentation to the SUIT.nii template. Next, we created binary gray matter, white matter, and full cerebellar masks from the CERES native space output and used the suit_normalize_dartel function to obtain the affine transformation matrix and flowfield needed to normalize these images into SUIT space.

We then coregistered the slice time corrected realigned (but not MNI-normalized) whole brain images to the whole brain T1-weighted images in native space. We re-ran the subject-level statistical analyses described below (Section Subject-Level Statistics) on these non-normalized whole brain images. Then, using the Affine transformation matrix and flowfield from normalizing the structural cerebellar segments to SUIT space, as well as each subject’s native space full cerebellar mask, we applied suit_reslice_dartel to the whole brain functional images to reslice all of these images into SUIT space. We then applied a 2 mm full-width half-maximum three-dimensional smoothing Gaussian kernel to the SUIT-normalized cerebellar statistical images.



Subject-Level Statistics

We calculated subject-level brain activity during visuomotor adaptation separately for the whole brain and for the cerebellum. We produced four statistical maps for each participant and time point on a voxel-by-voxel basis using the following contrasts: baseline > rest, early adaptation > rest, late adaptation > rest, and de-adaptation > rest. As in our past work (Hupfeld et al., 2019; Salazar et al., 2020), we set the first level masking threshold to-Infinity instead of the default SPM masking threshold of 0.80 and masked out non-brain areas using the SPM intracranial volume mask. This allowed for the inclusion of all voxels in the first-level general linear model (GLM), whereas the SPM default includes in the GLM only those voxels with a mean value ≥ 80% of the global signal. The following nuisance covariates were used in the subject level analyses: the first time derivative of the hemodynamic response function, the SPM-derived head motion parameters (X, Y, and Z translations and roll, pitch, and yaw rotations), as well as the outliers from ART described above (Hupfeld et al., 2019; Salazar et al., 2020).


fMRI Group-Level Statistical Analyses


Main Effect of Adaptation

We used the Sandwich Estimator (SwE) SPM toolbox defaults except for nonparametric wild bootstrap with 999 bootstraps and threshold-free cluster enhancement (TFCE, Smith and Nichols, 2009) to calculate the main effect of each phase of the task for each group. For the HDBR+CO2 group, we averaged all subjects (n = 11) and sessions BR-7, BR7, and BR29. For HDBR control group we also averaged all subjects (n = 8) and sessions BR-7, BR29, and BR58. TFCE does not require an arbitrary cluster-forming threshold and is more sensitive compared to other thresholding methods (Smith and Nichols, 2009).

For this model and for the models described below, we set statistical significance at peak-level familywise error (FWE) <0.1, which is a lenient threshold, though it accounts for multiple comparisons. We accepted clusters that were larger than 10 voxels for the whole brain analyses and larger than five voxels for the cerebellum analyses. We included mean-centered age and sex as covariates of no interest.



Time Course of Neural Visuomotor Adaptation Response to HDBR+CO2

Identical to our past work (Yuan et al., 2018; Hupfeld et al., 2019; Salazar et al., 2020), to test for brain regions that showed a pattern of cumulative change followed by post-HDBR+CO2 recovery we tested several a priori hypothesized longitudinal contrasts (see dotted lines in Figure 4; Hupfeld et al., 2019; Salazar et al., 2020; McGregor et al., 2021). For these analyses, we also used SwE and TFCE toolboxes.


[image: image]

FIGURE 3. Brain activation during each phase of visuomotor adaptation. Here we depict the main effect for each group HDBR+CO2 (left) and HDBR Control (right) during each task phase: baseline (yellow-orange), early (green), late (red), and de-adaptation (blue). Whole brain results are overlaid onto an MNI standard template, thresholded at FWE < 0.10 and k = 10 voxels. The color scale depicts the -log(pFWE-corr) values in which brighter colors (higher values) represent smaller p-values.
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FIGURE 4. Time course of the neural visuomotor adaptation response to HDBR+CO2. Left: Whole brain results showing increases in activation during the baseline (yellow) and late phases of adaptation (red) and decreases in activation during early adaptation (green) followed by recovery. Whole brain results are overlaid onto an MNI standard template, thresholded at FWE < 0.10 and k = 10 voxels. The color scale depicts the -log(pFWE-corr) values in which brighter colors (higher values) represent smaller p values. Right: Example contrast values plotted for peak coordinate within the cluster with the smallest p-value in each case. Squares represent group mean contrast values; error bars represent standard error. Purple dotted lines show the hypothesized longitudinal contrasts for “cumulative decrease” and “cumulative increase” during-HDBR+CO2 followed by recovery. Gray box represents the intervention time in days.





Brain—Behavioral Correlations

To test for correlations between pre- to post-HDBR+CO2 brain changes and pre- to post- changes in direction error for each phase of the task we ran parametric one-sample t-tests in SPM12. We then re-estimated all models using the TFCE toolbox (Gaser, 2019) using all default settings, including 5,000 permutations.



HDBR+CO2 vs. HDBR Control Group Comparisons

As the HDBR+CO2 and HDBR control groups followed different testing timelines, we calculated the slope of change in brain activation with the HDBR intervention for each subject. Additionally, for each subject, we computed intercept images (i.e., baseline brain activation during each phase of visuomotor adaptation). In order to compare between-group slope changes accounting for baseline differences, we normalized the slope images using the formula: slope image/intercept image. We then performed two-sample t-tests for each phase of adaptation using the normalized slope images. Identical to above, we defined these models in SPM12 and re-estimated them using the TCFE toolbox (Gaser, 2019) with 5,000 permutations. These slope and intercept calculations are identical to those described in our past work (Yuan et al., 2018; Hupfeld et al., 2019; Salazar et al., 2020).



SANS vs. NoSANS Group Comparisons

To examine group differences between those subjects who developed signs of SANS (SANS; n = 5; two males, three females) and those who did not (NoSANS; n = 6; four males, two females) we performed one exploratory analysis for each phase of the task. We tested for differences between the normalized slope images for each group. We conducted two-sample parametric t-tests using the TFCE toolbox (Gaser, 2019).

We also performed a targeted follow-up analysis based on the behavioral results (Banker et al., 2021), in which we found a SANS vs. NoSANS difference in de-adaptation, i.e., SANS individuals showed larger direction error than the NoSANS participants. Also, in the post-HDBR+CO2 session, subjects with signs of SANS were slower to move the joystick (i.e., greater movement time and reaction time) during the de-adaptation blocks than those who did not develop signs of SANS. We calculated the average brain activation of the two post-HDBR+CO2 de-adaptation images. We then compared SANS vs. NoSANS differences using a two-sample t-test estimated with the TFCE toolbox (Gaser, 2019).


Statistical Analyses of Behavioral Performance Data

We conducted the behavioral performance statistical analysis in R version 3.6.0 (IBM, Armonk, NY). We set alpha levels at 0.05 for the below models.

In order to test whether PaCO2 in the blood increased from pre- to post-HDBR+CO2, we performed a one-sample t-test.

Our group has previously reported detailed statistical analyses of the adaptation behavioral data for the HDBR+CO2 cohort (Banker et al., 2021). This previous article did not include behavior comparisons to the HDBR control group, as data collection for this cohort was not yet completed at the time of publication of our past work. Here, we compared between groups from two different bed rest campaigns (HDBR+CO2 and HDBR control), which were evaluated at different time points across their respective bed rest interventions. Thus, we entered time as a continuous variable to compare group effects. We included data from BR-7, BR7, and BR29 time points for the HDBR+CO2 group and BR-7, BR29, and BR58 time points for the HDBR control group. Linear mixed model analysis was used to examine group × block × time differences between HDBR+CO2 and HDBR subjects. The subject variable was entered as a random intercept. Age and sex were entered as covariates. There were no outliers or missing data among the three time points tested here.










RESULTS

There was no age difference between the HDBR+CO2 and HDBR control groups (p = 0.736). Similarly, there was no age difference between those participants who developed signs of SANS and those who did not (p = 0.925). No statistically significant difference in PaCO2 was observed from pre- (41.5 mmHg) to post- (42.8 mmHg) HDBR+CO2 (p = 0.120).


Main Effect of Visuomotor Adaptation

Figure 3 depicts the average activation from each group and phase of adaptation compared to the rest. For the HDBR+CO2 group, main effect was averaged across all subjects (n = 11) and time points BR-7, BR7 and BR29. For the HDBR Control group main effect was averaged across all subjects (n = 8) and time points BR-7, BR29, and BR58. Brain activation patterns were visually similar between groups (Figure 3). As anticipated for these visuomotor adaptation phases (Ruitenberg et al., 2018), we observed task-related activation in frontal, occipital, sensorimotor, subcortical, and cerebellar regions during baseline, early, late adaptation, and de-adaptation.



Time Course of Neural Visuomotor Adaptation Response to HDBR+CO2


Baseline

For the baseline trials (moving the cursor to targets with normal visual feedback), we found that brain activity increased with HDBR+CO2 in the right calcarine gyrus and left middle frontal gyrus (dorsal premotor cortex); these increases recovered towards the pre-intervention levels after subjects exited the HDBR+CO2 intervention (Figure 4; Table 1). We did not find decreases in brain activity in response to HDBR+CO2 for the baseline phase.

TABLE 1. Brain regions showing longitudinal increases and decreases in activation during visuomotor adaptation.
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Early Adaptation

We did not observe any increases in brain activity for the early adaptation blocks when subjects started HDBR+CO2. However, we observed decreasing activation in the right parahippocampal gyrus, right putamen, and left hippocampus for the early adaptation trials when subjects went into HDBR+CO2. These reductions in activation returned towards the pre- intervention levels at the two post-HDBR+CO2 time points (Figure 4; Table 1).



Late Adaptation

Across HDBR+CO2, we found increasing activation in the right fusiform gyrus and the right caudate nucleus for the late adaptation trial blocks; this activation then reduced when participants exited HDBR+CO2 (Figure 4; Table 1). We did not observe any decreases in brain activation for late adaptation.



De-adaptation

We did not observe any changes in brain activity during the de-adaptation phase in response to HDBR+CO2.


Visuomotor Adaptation Behavioral Performance Results

We recently reported behavioral adaptation results during HDBR+CO2 for this cohort (Banker et al., 2021). In short, we found that HDBR+CO2 had no effect on baseline motor control when participants moved the joystick with normal visual feedback. During the early phase of adaptation, direction errors increased during HDBR+CO2 and then recovered post- HDBR+CO2. Participants presented with slower late adaptation reaction time post-HDBR+CO2 in comparison to the last day of bed rest; this finding was largely driven by the SANS subgroup (i.e., by those individuals who showed optic disc edema). Participants who developed signs of SANS also showed larger, more persistent aftereffects and were slower than the NoSANS group for reaction time and movement time post-intervention. Overall, there was a lack of savings of adaptation across multiple sessions. In the present work, we also compared performance metrics for the HDBR+CO2 group to those of the HDBR control group (in our previous work, data collection was not yet complete for the HDBR control group). Here we found a group by block by time interaction for baseline (ß = 0.131; p = 0.025) but not for the other parts of the task (early adaptation: ß = 0.048; p = 0.169; late adaptation: ß = 0.043; p = 0.218; de-adaptation: ß = 0.045; p = 0.578), suggesting that the behavioral effects we previously reported are largely due to HDBR as opposed to elevated CO2.



Brain—Behavior Correlations

We did not find any brain-behavior correlations for any phase of the sensorimotor adaptation task.



HDBR+CO2 vs. HDBR Control Group Comparisons

Between-group slope comparisons for HDBR+CO2 and HDBR control revealed non-significant differences in brain activity during all phases of the adaptation task.



SANS vs. NoSANS

Between-subgroup slope comparisons for the SANS and NoSANS subgroups within the HDBR+CO2 cohort revealed no statistically significant differences in brain activity during any phase of the adaptation task. In addition, despite differences in behavioral performance between the SANS and NoSANS subjects during de-adaptation (Banker et al., 2021), we did not find any difference in brain activity when comparing the post-HDBR average between these two groups.






DISCUSSION

This pilot study investigated the effects of 30 days of strict HDBR combined with elevated CO2 levels on brain activation during a visuomotor adaptation task for 11 participants. In this cohort, we recently reported negative effects of HDBR+CO2 on adaptation savings (Banker et al., 2021); savings refers to the faster adaptation that occurs when a person repeats the same adaptation task. Previous work has shown that the magnitude of savings depends on the explicit, strategic components of adaptation (Taylor et al., 2014). The lack of savings showed in Banker et al. (2021) suggests that HDBR+CO2 induces a greater reliance on more procedural, implicit forms of adaptation. Here, we also observed decreases in brain activation in the right parahippocampal gyrus, right putamen, and left hippocampus during early adaptation after participants started HDBR+CO2. In contrast, for the late phase of adaptation, we found increases in temporal and subcortical brain regions in response to HDBR+CO2, followed by recovery by 2 weeks post-intervention. This is a small sample size pilot study and all the results reported here were corrected at FWE < 0.10.


Main Effect of Visuomotor Adaptation

The main effect results of visuomotor adaptation were visually similar between the HDBR+CO2 and the control group. As anticipated (Ruitenberg et al., 2018), we observed widespread activation of frontal, temporal, occipital, subcortical, and cerebellar regions during all visuomotor adaptation phases. These results demonstrate that our visuomotor adaptation task produced the expected neural responses.



Time Course of Visuomotor Adaptation Response to HDBR+CO2

During early adaptation, we identified decreasing activation in the right parahippocampal gyrus, right putamen, and left hippocampus after participants started HDBR+CO2. These changes normalized once participants exited the intervention. These brain regions are involved in a variety of cognitive processes, including long-term memory, visuospatial processing, and sensorimotor adaptation (Seidler et al., 2006; Toepper et al., 2010; Aminoff et al., 2013; Ni et al., 2017). We recently reported brain changes during a spatial working memory task in this same HDBR+CO2 cohort (Salazar et al., 2020). There, we found reduced brain activity in the right middle frontal gyrus and the cerebellar dentate nucleus across the HDBR+CO2 intervention followed by recovery, during the performance of the spatial working memory task (Salazar et al., 2020). Considering that early adaptation relies on spatial working memory processes (Anguera et al., 2010; Christou et al., 2016), we expected that both spatial working memory and visuomotor adaptation brain regions would overlap. However, our brain activity results show no overlap in brain regions affected by HDBR+CO2 regarding both tasks.

We found changes in hippocampus activity under two different tasks in the same cohort of HDBR participants. During visuomotor adaptation task participants showed decreases in activation in the parahippocampal and hippocampal. Our past work on spatial working memory brain changes found that participants who underwent 30 days of HDBR+CO2 presented greater decreases in activation in the right hippocampus than subjects who spent 70-days HDBR with normal CO2 atmospheric levels (Salazar et al., 2020). Previous work suggests that the hippocampus may be more sensitive to changes in CO2 compared to other brain regions (Scully et al., 2019). Moreover, a recent spaceflight analog study investigated the effects of social isolation and environmental deprivation and reported decreasing hippocampal volume in polar expeditioners who spent 14 months at the German Neumayer III station in Antarctica (Stahn et al., 2019). Thus, we believe that the decreases in activation observed in the present study during the early adaptation phase could have occurred at least in part as a result of participants spending 30 days in relative isolation and confinement. In addition, the various structural brain changes reported to occur with HDBR (e.g., Roberts et al., 2015) may also have contributed to the changes in brain function observed here.

It is widely accepted that early visuomotor adaptation is more cognitively demanding, whereas the late learning stage of a visuomotor adaptation task is more automatic or implicit (Anguera et al., 2010; Taylor et al., 2014). Here, during late adaptation participants showed increasing activation in the right fusiform gyrus and the right caudate nucleus during the late phase of adaptation in response to HDBR+CO2. In addition to the involvement of both of these structures in memory and learning (Grahn et al., 2008; Weiner and Zilles, 2016), the fusiform gyrus also plays a role in high-level visual processing and multisensory integration (Weiner and Zilles, 2016), while the caudate nucleus plays a role in planning the execution of movement, reward, and motivation (Grahn et al., 2008). Our results suggest that the HDBR+CO2 environment may cause a compensatory upregulation of brain activity to adapt to this phase of the task. Together, these early and late adaptation longitudinal brain changes suggest that HDBR+CO2 might lead to both neural adaptations and dysfunction.



Visuomotor Adaptation Behavioral Results

In Banker et al. (2021), we reported that HDBR+CO2 changes the way in which individuals engage in sensorimotor processing. Specifically, after 30 days the HDBR+CO2 participants showed greater reliance on procedural, implicit processes during sensorimotor adaptation from pre- to post-intervention (Banker et al., 2021), evidenced by the lack of savings across sessions. In addition, during the early phase of adaptation, these participants showed greater direction error from pre- to post- intervention. They also presented with slower reaction time during the late phase of adaptation; this effect lasted from the last day of HDBR+CO2 throughout the two-week recovery period. It is possible that the sensorimotor reweighting effects of HDBR and the strict bed rest protocol contributed to this lack of savings.

Here we expanded on these past analyses by testing the isolated effect of CO2 by comparing HDBR+CO2 participants with a recently collected group of control subjects who underwent 60 days of HDBR without elevated CO2. We found a difference between the HDBR+CO2 and HDBR control groups during the baseline phase of the task. We were less focused on changes in basic motor control processes (as assayed by the baseline blocks) and more interested in the adaptation process. However, we did not find interactions in any of the other phases of the visuomotor task, suggesting that the effects on visuomotor adaptation performance are due more to HDBR than to elevated CO2, at least at the CO2 levels used here. Likewise, a recent study showed similar cognitive effects among the same cohort of participants examined here; i.e., HDBR+CO2 and HDBR control groups were not statistically different across a range of cognitive tasks that differed from the visuomotor adaptation task we reported on here (Basner et al., 2021). These complementary results suggest that—similar to what we report—elevated CO2 neither improved nor deteriorated the HDBR effects (Basner et al., 2021).

Regardless, it seems that the body unloading and/or the headward fluid shifts that occur with HDBR have an impact on sensorimotor adaptation behavior and brain activity. Both spaceflight and HDBR are known to result in sensory reweighting (Mulavara et al., 2018; Pechenkova et al., 2019). Here, it could be that sensory reweighting processes interfered with visuomotor adaptation, particularly in terms of savings.



Brain—Behavior Correlations

To better understand the effects of an intervention such as HDBR on brain function, it is helpful to examine relationships between brain and behavior changes; this allows interpretation of whether identified brain changes are adaptive or dysfunctional (see Hupfeld et al., 2021). Here, we did not observe any brain-behavior change correlations, complicating interpretations. In this same cohort, we found evidence for both neural compensation and dysfunction as a result of HDBR+CO2 when participants performed a spatial working memory task (Salazar et al., 2020) or received vestibular stimulation (Hupfeld et al., 2019). However, the lack of associations found in the present study does not allow us to fully interpret whether identified longitudinal neural changes that occur during visuomotor adaptation across HDBR+CO2 are compensatory or dysfunctional. Taken together these results suggest that the compensatory and dysfunctional effects of a spaceflight analog with elevated atmospheric levels of CO2 could be task-specific rather than global effects of HDBR or CO2.



HDBR+CO2 vs. HDBR Control

CO2 has a vasodilation effect which can result in increased intensity of the blood oxygen level-dependent signal measured by fMRI (Corfield et al., 2001) due to the increased brain blood flow (Atkinson et al., 1990; Zhou et al., 2008). In the present study, there were no increases in brain activity during visuomotor adaptation compared to HDBR alone. As we did not observe group differences in visuomotor adaptation performance between the HDBR+CO2 and HDBR control groups, we did not expect to find between-group differences in brain activation. We previously compared HDBR+CO2 and HDBR alone during a spatial working memory task (Salazar et al., 2020) and vestibular stimulation (Hupfeld et al., 2019). In our spatial working memory study, we found that the HDBR+CO2 participants had greater decreases in activation in the right hippocampus and left inferior temporal gyrus than in HDBR alone. Conversely, during vestibular stimulation, the HDBR+CO2 group showed greater increases in activation of several regions in comparison to HDBR alone (Hupfeld et al., 2019). These results suggest interactive or additive effects of HDBR+CO2 on vestibular processing (Hupfeld et al., 2019), spatial working memory (Salazar et al., 2020), but not visuomotor adaptation. Taken together, these findings support the idea that elevated CO2 effects may be task-specific, at least at the level and duration of elevated CO2 employed in this bed rest campaign.



SANS vs. NoSANS

We had the unique opportunity to compare subgroups of those who did and did not develop signs of SANS. Behavioral results indicated that HDBR+CO2 influences the way SANS individuals engaged cognitive processes during adaptation; SANS subjects showed a greater reliance on procedural, implicit processes (Banker et al., 2021). Specifically, SANS individuals showed larger aftereffects during the de-adaptation phase (Banker et al., 2021). We also observed other behavioral differences between the SANS and NoSANS individuals (Lee et al., 2019a); those who developed signs of SANS increased their reliance on visual cues during HDBR+CO2, while NoSANS individuals remained less visually dependent (Lee et al., 2019a).

Contrary to our hypothesis, the present comparison between SANS and NoSANS revealed no statistically significant subgroup differences in brain activity during visuomotor adaptation. Previously we showed stronger correlations between pre- to post- HDBR+CO2 brain changes in vestibular processing with eyes open balance performance for subjects who developed signs of SANS compared to those who did not (Hupfeld et al., 2019), which further suggests that SANS may result in functional brain changes that impact behavioral performance. However, as the present work did not find any functional brain differences between SANS vs. NoSANS participants during sensorimotor adaptation, additional exploration of astronauts and spaceflight analog participants who do and do not develop SANS will help us to better understand resulting differences in brain function and possible implications for behavior.



Limitations

The present study has several limitations. Due to the unique and difficult nature of HDBR interventions, we tested only a small pilot sample. The sample size and study durations for both the HDBR+CO2 and HDBR campaigns reported here were dictated by NASA and the European Space Agency (ESA). Given the small sample sizes, these results should be generalized with caution. We used a threshold of FWE < 0.10 for the neuroimaging statistical analyses to better detect within- and between-subject differences. Of note, we did not find any brain results at FWE < 0.05; as we used TFCE statistics, it was not possible to estimate the effect sizes of our results. In addition, our control group followed a different testing timeline from the HDBR+CO2 group; these groups were part of separate bed rest campaigns. However, these data were collected on the same scanner using identical fMRI sequences; we controlled our statistical analyses by using age and sex as nuisance covariates and (identical to our past work) by using slope comparisons to account for differences in testing timelines (Yuan et al., 2016, 2018; Hupfeld et al., 2019; Salazar et al., 2020). Also, the small group sizes of n = 11 and n = 8 probably reflected in the lack of statistical differences between groups, suggesting that larger studies comparing HDBR+CO2 and HDBR alone are needed to more precisely understand the effects of CO2. Finally, HDBR+CO2 models only some of the effects of spaceflight such as elevated CO2 levels, body unloading, and fluid shifts towards the head. Moreover, astronauts are faced with additional factors such as more prolonged isolation, disrupted sleep and circadian cycles, radiation, etc (Clement et al., 2020). Therefore, it is difficult to generalize HDBR findings broadly to spaceflight. We are currently studying this visuomotor adaptation task in an ongoing prospective study involving astronauts completing six-month ISS missions (Koppelmans et al., 2013). Future work will compare behavioral and brain changes that occur during spaceflight with these HDBR+CO2 data to aid interpretations and better understand the accuracy of HDBR+CO2 as an analog for spaceflight effects on visuomotor adaptation.




CONCLUSIONS

We investigated the longitudinal neural effects of HDBR+CO2 on visuomotor adaptation. We observed decreases in activation in several brain regions involved in long-term memory and visuospatial processing; these changes were resolved by 2 weeks after the conclusion of HDBR+CO2. This suggests that 30 days of HDBR combined with elevated CO2 levels may reduce one’s ability to recruit these brain regions. In addition, during late adaptation we observed increases in activation in the right fusiform gyrus and the right caudate nucleus, indicating a possible compensatory brain response to the HDBR+CO2 environment. A lack of brain-behavior correlations complicates this interpretation, however, and thus further work in larger samples is needed. Together, these results contribute to a better understanding of how the visuomotor system adapts to a spaceflight analog environment.
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Spaceflight has widespread effects on human performance, including on the ability to dual task. Here, we examine how a spaceflight analog comprising 30 days of head-down-tilt bed rest (HDBR) combined with 0.5% ambient CO2 (HDBR + CO2) influences performance and functional activity of the brain during single and dual tasking of a cognitive and a motor task. The addition of CO2 to HDBR is thought to better mimic the conditions aboard the International Space Station. Participants completed three tasks: (1) COUNT: counting the number of times an oddball stimulus was presented among distractors; (2) TAP: tapping one of two buttons in response to a visual cue; and (3) DUAL: performing both tasks concurrently. Eleven participants (six males) underwent functional MRI (fMRI) while performing these tasks at six time points: twice before HDBR + CO2, twice during HDBR + CO2, and twice after HDBR + CO2. Behavioral measures included reaction time, standard error of reaction time, and tapping accuracy during the TAP and DUAL tasks, and the dual task cost (DTCost) of each of these measures. We also quantified DTCost of fMRI brain activation. In our previous HDBR study of 13 participants (with atmospheric CO2), subjects experienced TAP accuracy improvements during bed rest, whereas TAP accuracy declined while in the current study of HDBR + CO2. In the HDBR + CO2 subjects, we identified a region in the superior frontal gyrus that showed decreased DTCost of brain activation while in HDBR + CO2, and recovered back to baseline levels before the completion of bed rest. Compared to HDBR alone, we found different patterns of brain activation change with HDBR + CO2. HDBR + CO2 subjects had increased DTCost in the middle temporal gyrus whereas HDBR subjects had decreased DTCost in the same area. Five of the HDBR + CO2 subjects developed signs of spaceflight-associated neuro-ocular syndrome (SANS). These subjects exhibited lower baseline dual task activation and higher slopes of change during HDBR + CO2 than subjects with no signs of SANS. Collectively, this pilot study provides insight into the additional and/or interactive effects of CO2 levels during HDBR, and information regarding the impacts of this spaceflight analog environment on the neural correlates of dual tasking.

Keywords: spaceflight, dual task, head-down-tilt bed rest (HDBR), CO2, spaceflight-associated neuro-ocular syndrome (SANS)


INTRODUCTION

Prolonged exposure to microgravity has widespread impacts on human physiology and performance. As space flights become longer and more frequent, it is becoming increasingly important to characterize the pattern and persistence of microgravity-induced changes in cognitive and sensorimotor processing. Cognitive-motor dual tasking, which involves the concurrent performance of both a cognitive and a motor task, is common in daily life and is of high operational relevance for astronauts. For example, during extravehicular activities, an astronaut is required to move while also attending to verbal directions. Declines in performance are often evident when people perform under dual as opposed to single task conditions (Schaefer and Schumacher, 2011). Dual task cost (DTCost), a measure of this dual task performance decrement, is a sensitive indicator of generalized cognitive-motor capacity (Tombu and Jolicoeur, 2003; Verhaeghen et al., 2003; Riby et al., 2004; Hartley et al., 2011) that has been used to monitor spaceflight-related changes in cognition (Manzey, 2000) and brain activation (Yuan et al., 2016). Dual tasking typically requires activation of all the brain regions involved in component cognitive and motor tasks, along with additional prefrontal areas that are not engaged during these single tasks (D’Esposito et al., 1995; Adcock et al., 2000; Szameitat et al., 2002). Some evidence also exists for increased amplitude of activation in frontal (Herath et al., 2001; Szameitat et al., 2002; Erickson et al., 2007; Dux et al., 2009; Holtzer et al., 2011) and occipital (Hartley et al., 2011) regions during dual task relative to single motor tasks. These activation increases may be proportional to the complexity of the two tasks being performed (Mirelman et al., 2014).

Environmental stressors, including many specific conditions of spaceflight, decrease overall attentional capacity (Hockey, 1986) and may affect the ability to attend to interfering stimuli. During spaceflight, dual task performance has been shown to decline more than single task performance, increasing DTCost (Manzey et al., 1995; Manzey and Lorenz, 1998b; Bock et al., 2010). These decrements are primarily in motor tracking performance (in both single and dual tasks), whereas cognitive task performance during spaceflight shows little decline during single or dual tasks (Manzey et al., 1995, 1998; Lathan and Newman, 1997; Strangman et al., 2014; Tays et al., 2021). Short and long-duration spaceflight investigations have observed initial declines in single and dual task visuomotor performance, followed by recovery of performance while still in spaceflight (Manzey et al., 1995, 1998), indicating a potential adaptation of performance to the spaceflight environment. During a short duration flight (8 days in space), one astronaut’s performance of both single and dual tasks of varying difficulty declined, then returned to baseline levels after 2 days of flight. Performance worsened again on day four of flight, before gradually returning to baseline following their return to Earth (Manzey et al., 1995). A case study of a different single astronaut during a long-duration spaceflight (438 days in space) showed a similar initial pattern of decline in single and dual task performance. In this case, performance returned to baseline after 3 weeks and remained at this level for the remainder of the mission. After returning to Earth, the subject experienced another adjustment period, characterized by initially worsening motor performance (in both single and dual tasks) with subsequent recovery toward pre-flight levels during the following 2 weeks (Manzey et al., 1998). This raises questions not only of recovery after returning to Earth, but also of adaptation during spaceflight. Our understanding of the effects of spaceflight on cognitive-motor dual tasking remains largely based on these performance-based case studies, in part due to the difficulty of performing assessments in space. In this investigation, we hypothesized that in-bed rest recovery effects – as seen in these behavioral studies during spaceflight– would also be shown in fMRI metrics of neural activation.

Head-down-tilt bed rest (HDBR) is commonly used to simulate several effects of spaceflight, including axial body unloading and the headward shift of cerebrospinal fluid within the skull (At’kov and Bednenko, 1992; Caprihan et al., 1999; Koppelmans et al., 2016, 2017), while also allowing for multimodal assessments that cannot be performed in space. The effects of HDBR on the performance of cognitive-motor dual tasking performance and on brain activation are not well understood. Our previous longitudinal assessment of dual tasking during 70 days of HDBR identified both increases and decreases in brain activation with dual tasking (Yuan et al., 2016). Several of these changes were positively correlated with change in reaction time during single task. Additionally, we found negative correlations between single task reaction time and brain activation in the cerebellum and brainstem. Furthermore, we found a positive correlation between DTCost of brain activation and DTCost of reaction time throughout the brain. Subjects who had the greatest increases in DTCost of reaction time also had the greatest increases in DTCost of brain activation (Yuan et al., 2016). These relationships between single and dual task performance and brain activation suggest that HDBR induces an incomplete compensatory neural response.

In addition to microgravity, other aspects of the International Space Station (ISS) environment may affect human physiology, including the elevated carbon dioxide (CO2) levels. In the enclosed and isolated environment of the ISS, the partial pressure of CO2 peaks at 8.32 mmHg (Law et al., 2014), and the average pCO2 is close to 3.5 mmHg (0.46% CO2), which is about 10 times higher than ambient levels on Earth. CO2 affects cerebral blood flow and blood pH (Brian, 1998), as well as ventilation rate (Castro and Keenaghan, 2019), and generalized physiological stress in the form of increased polymorphonuclear cell levels (Marshall-Goebel et al., 2017). These changes in cerebral blood flow, oxidative stress, and oxygen levels (Battisti-Charbonney et al., 2011) could have significant effects on the metabolic productivity of neural tissue, thereby altering its functional output. Past work has demonstrated that motor performance is altered with 26 days of exposure to elevated CO2 (Manzey and Lorenz, 1998a), of either 0.7 or 1.2%. Exposure to increased levels of CO2 also inhibits blood oxygen level dependent (BOLD) signaling mechanisms (Xu et al., 2011) that are measured by functional magnetic resonance imaging (fMRI), suggesting that CO2 levels could directly impact the findings of fMRI studies of dual tasking. A previous HDBR + CO2 study, the SPACECOT pilot campaign, involved short duration (26.5 h) exposure to 0.5% CO2 during 12° HDBR (Marshall-Goebel et al., 2017). The investigators reported that elevation of ambient CO2 may actually mitigate some of the motor decrement associated with HDBR (Basner et al., 2018). The SPACECOT project was, however, limited by the short intervention duration and its small sample size (n = 6) of exclusively male subjects, one of whom also had previous HDBR experience. Nonetheless, these findings suggest that HDBR in elevated CO2 affects motor performance. Thus, the goals of the present work included characterization of the performance and neural correlates of a cognitive-motor dual task during HDBR + CO2, as well as the time courses that they follow. We also compared the results of the HDBR + CO2 study to findings from our previous study of HDBR in atmospheric CO2 levels. This comparison is exploratory, however, given several differences between the two studies (e.g., exposure duration, sex distribution, participants’ exercise levels, location of intervention etc.). In light of prior findings, we hypothesized that the addition of CO2 to a standard HDBR intervention would mitigate behavioral changes seen with dual tasking, as well as alter the functional neural response to HDBR.

Over 60% of ISS astronauts return to Earth presenting with at least one sign of spaceflight-associated neuro-ocular syndrome (SANS), a collection of structural and functional ophthalmological changes considered to be one of the greatest challenges for deep space travel to overcome (Brunstetter, 2017). It has been suggested that the development of SANS could be linked to elevated CO2 levels (Law et al., 2014). Previous bed rest interventions have not replicated the signs of SANS or the changes in intracranial and intraocular pressure that are seen in astronauts when they return from spaceflight (Brunstetter, 2017; Basner et al., 2018). This could be due, in part, to the short duration of past interventions because signs of SANS are more prevalent after missions of 5–6 months than after shorter shuttle missions (Alperin and Bagci, 2018). In the present work, 5 of the 11 bed rest subjects developed signs of SANS (Laurie et al., 2019). Although the interactions of SANS with cognitive and sensorimotor behavior are not well-investigated, we recently reported that these five individuals with signs of SANS had slower reaction time than the six individuals who did not present with signs of SANS (Lee et al., 2019a). Thus, in the present work, we also include exploratory analyses to characterize potential effects of SANS status on brain activation during dual tasking across the HDBR + CO2 intervention.



MATERIALS AND METHODS


Participants


HDBR + CO2 Participants

Eleven healthy subjects (six males) participated in the HDBR + CO2 campaign. Subjects were aged 33.9 ± 8.03 years at the time of admission (Table 1). Subjects had a mean height of 173.8 (ranging from 158 to 186) cm and mean weight of 70.8 (ranging from 55 to 84) kg. The study took place at the :envihab facility at the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt, DLR) in Cologne, Germany as a part of the larger Visual Impairment Intracranial Pressure and Psychological :envihab Research (VaPER) campaign. Participants were required to pass an Air Force Class III equivalent physical examination prior to enrollment. Participants were excluded if they had any pre-existing conditions or medication use. After HDBR + CO2, five of the 11 subjects presented signs associated with SANS (Laurie et al., 2019). As a part of the NASA standard measures assessments, participants also had blood drawn 3 days before HDBR + CO2 and on the day of reambulation following HDBR + CO2. Standard arterial blood gas measurements were collected to determine the arterial partial pressure of carbon dioxide (PaCO2) at each of these times. Sleep data from the HDBR + CO2 cohort in comparison to a 60-day bed rest control has also been reported (Basner et al., 2021), with no changes in sleep duration between the two groups. Average sleep duration was 7.54 h (7.31–7.76 95% CI) in the control group and 7.51 h (7.32–7.70 95% CI) in the HDBR + CO2 group. During their stay, subjects were assessed clinically and given any indicated medications. It was determined that none of these medications affected task performance. A supplementary medication review can be accessed, along with all other supplementary material at https://www.frontiersin.org/articles/10.3389/fphys.2021.654906/full#supplementary-material.


TABLE 1. Subject demographic information.
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HDBR Participants

Eighteen healthy male subjects participated in our previous 70-day HDBR campaign at the University of Texas Medical Branch, Galveston, TX, United States. Five subjects were removed from analyses due to excessive head motion or beta contrast value outliers, leaving thirteen subjects included in HDBR analyses. All participants were right-handed and aged 29.3 ± 3.2 years at the time of admission (Table 1) and passed an Air Force Class III equivalent physical examination before admission. Subjects had a mean height of 177.2 (ranging from 166.5 to 187) cm and mean weight of 78.2 (ranging from 58 to 97.2) kg. All 13 subjects engaged in supine exercise during HDBR as part of a concurrent study. These subjects, herein referred to as “HDBR” subjects to differentiate them from HDBR + CO2 subjects, are included as a comparator group to test for differential or additive effects of the HDBR + CO2 intervention. We have previously published dual task brain and behavioral results from the HDBR cohort alone (Yuan et al., 2016).



Ethics Approval

Both studies were conducted in accordance with the Declaration of Helsinki and were approved by the Ethical Commission of the Ärztekammer Nordrhein (HDBR + CO2) and the Institutional Review Boards of the University of Florida (HDBR + CO2), University of Michigan (HDBR), University of Texas-Medical Branch (HDBR), and NASA Johnson Space Center (HDBR and HDBR + CO2). Written informed consent was obtained from all participants. Participants received monetary compensation.




Bed Rest Protocols


HDBR + CO2 Protocol

HDBR + CO2 participants experienced 6° HDBR combined with an ambient CO2 partial pressure of 3.8 mmHg (∼0.5%) for 30 days. This increased level of CO2 was intended to simulate the elevated CO2 concentration onboard the ISS (Law et al., 2014). Although 0.5% CO2 does not typically cause symptoms on Earth, astronauts onboard the ISS often report headaches and visual disturbances (Law et al., 2014), as well as impairments in cognitive performance (Satish et al., 2012) that correlate with CO2 levels. This may result from the combined effects of elevated CO2 with headward fluid shifts, which also occur in bed rest. CO2 was administered via room-wide elevations in concentration. Rooms were controlled at a temperature of 22°C and 30–45% humidity. The slight decrease in atmospheric pO2 that accompanied an increase in pCO2 had no effect on the participants’ arterial pO2. During arterial blood draws, subjects were instructed not to speak and to breathe normally. Blood draws were conducted in the seated position prior to or following the intervention. During bed rest, they were conducted in the 6° head-down-tilt position. Divergent blood gas measurements were repeated as needed.

HDBR + CO2 subjects were required to keep at least one shoulder in contact with the mattress at all times and were permitted to use a pillow only while on their side. Subjects were instructed not to stretch, contract, or raise their legs during HDBR + CO2. Physical therapy sessions occurred every other day during the intervention to avoid muscle tightness and provide comfort to the subjects. Participants were highly compliant as a result of 24/7 staff and video monitoring.

We collected fMRI and behavioral data at six sessions: twice before the start of HDBR + CO2, twice during HDBR + CO2, and twice after HDBR + CO2 (Figure 1). Subjects maintained the head-down-tilt position in the MRI scanner by laying on a foam wedge; the head was supine within the MRI head coil.
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FIGURE 1. Testing timeline. (Top) Testing timeline for HDBR + CO2 intervention. Two initial acquisitions sessions took place 13 and 7 days prior to bedrest (BDC-13 and BDC-7), two more were made on the 7th and 29th days of the HDBR + CO2 intervention, and the final two were made 5 and 12 days after the end of bedrest (R+5 and R+12). (Bottom) Testing timeline for HDBR intervention. HDBR acquisition occurred at seven sessions: 14.1 ± 3.8 days and 7.9 ± 2.0 days before the start of HDBR, 8.4 ± 1.0 days, 50.6 ± 0.9 days, and 66.8 ± 1.8 days after the onset of HDBR, as well as 6.7 ± 0.8 days and 11.4 ± 1.6 days after HDBR (Yuan et al., 2016). Each time point for both interventions included cognitive-motor dual task behavioral testing with concurrent fMRI acquisition. The sessions used for intercept, slope, and normalized slope comparisons between groups are indicated in blue (HDBR + CO2) and green (HDBR).




HDBR Protocol

Head-down-tilt bed rest participants were exposed to 6° of HDBR for 70 days. Throughout the intervention, subjects remained in bed rest for 24 h a day. Subjects were also not permitted to raise their head or prop themselves up, except for 30 min at each meal when they were allowed to support their head with their hand. While in HDBR + CO2, subjects were not permitted to support their head with their hand at any time (including during meals).

We collected fMRI data at seven time points: twice before the start of HDBR, three times during HDBR, and twice after HDBR (Yuan et al., 2016; Figure 1). Subjects maintained the 6° head-down-tilt position in the MRI scanner by laying on a foam wedge; the head was supine within the MRI head coil.




MRI Image Acquisition


HDBR + CO2

At each time point, HDBR + CO2 subjects underwent an identical scan protocol using the same 3-Tesla Siemens BioGraph mMR MR-PET scanner. For each fMRI run, we used a gradient echo T2∗-weighted echo-planar imaging (EPI) sequence with the following parameters: TR = 2500 ms, TE = 32 ms, flip angle = 90°, FOV = 192 mm × 192 mm, slice thickness = 3.5 mm, matrix = 64 × 64, voxel size = 3.0 mm × 3.0 mm × 3.5 mm, 37 axial slices. Each 260-s run was acquired in 104 consecutive functional volumes. We also collected a T1-weighted gradient-echo pulse sequence during each acquisition using the following parameters: TR = 1900 ms, TE = 2.44 ms, flip angle = 9°, FOV = 250 mm × 250 mm, slice thickness = 1.0 mm; matrix = 512 × 512, voxel size = 0.49 mm × 0.49 mm × 1 mm, 192 sagittal slices; duration = ∼4 min. All acquired data is available in a central NASA repository and is available upon request to the NASA data archives.



Head-Down-Tilt Bed Rest

At each time point, HDBR subjects underwent an identical scan protocol using the same 3-Tesla Siemens Magnetom Skyra MRI scanner. For each fMRI run, we used a gradient echo T2∗-weighted EPI sequence with the following parameters: TR = 3660 ms, TE = 39 ms, flip angle = 90°, FOV = 240 mm × 240 mm, slice thickness = 4 mm, slice gap = 1 mm, matrix = 94 × 94, voxel size = 2.55 mm × 2.55 mm × 5.0 mm, 36 axial slices. Each 260-s run was acquired in 71 consecutive functional volumes. We also collected a T1-weighted gradient-echo pulse sequence at each time point using the following parameters: TR = 1900 ms, TE = 2.49 ms, flip angle = 9°, FOV = 270 mm × 270 mm, slice thickness = 0.9 mm; matrix = 288 × 288, voxel size = 0.94 mm × 0.94 mm × 0.9 mm, 192 sagittal slices; duration = ∼4 min. All acquired data is available in a central NASA repository and is available upon request to the NASA data archives.




Dual Task Assessment

During each fMRI acquisition, participants completed the dual task assessment (Figure 2). This task was identical across time points and between the HDBR + CO2 and HDBR cohorts. Participants completed three tasks: (1) TAP, (2) COUNT, and (3) DUAL. During the TAP task, two boxes were presented on the screen. Every 800 ms, an “x” was presented in one of the two boxes, indicating which of two adjacent buttons the participants were to press with their left or right index finger. During the COUNT task, a stimulus box was presented that changed color at a rate of 3 Hz. Subjects counted the number of times the box turned blue. The box only turned blue approximately four times out of 60 stimuli to ensure that subjects were remaining attentive. During the DUAL task, subjects performed the TAP and COUNT tasks simultaneously. The COUNT stimulus box was centered above the two TAP stimuli boxes to minimize eye movements.
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FIGURE 2. Testing paradigm. (A) Tapping task, (B) counting task, (C) dual task, and (D) order of task blocks (Yuan et al., 2016). At each testing session, this sequence was conducted twice. Participants completed these tasks during fMRI acquisition.


During each fMRI run, blocks of each task (TAP, COUNT, and DUAL) were presented in a pseudo-randomized order. Twenty second rest periods were included before the first block, after the final block, and between each block, constituting an fMRI run of 260 s. Participants completed two fMRI runs on each test date. Recorded measures included: the reaction time from TAP stimulus onset to motor response and the percent of targets correctly responded to in both the TAP and COUNT tasks. Verbal responses for each of the two COUNT and DUAL blocks were reported following each run. Measures were collected for the TAP, COUNT, and DUAL tasks and used to calculate the DTCost of each measure. DTCost was calculated as the percent change in performance measures from single to dual task. Each measure and their DTCost were analyzed as dependent measures of task performance.



Statistical Analyses of PaCO2 and Behavioral Data


HDBR + CO2 Effects on PaCO2

We conducted all analyses of behavioral performance using R version 3.6.0 (R Core Team, 2013). First, we conducted a paired t-test (one-tailed) to test for changes in PaCO2 from pre- to post-HDBR + CO2. We defined statistical significance as p < 0.05.



Effect of HDBR + CO2 and HDBR on Performance

We used linear mixed models to assess the effects of HDBR + CO2 and HDBR on task performance. For these models, we analyzed accuracy, reaction time, and standard error of reaction time during the TAP and DUAL tasks, along with the DTCost of all three measures. We tested for a significant effect of time during bed rest in both the HDBR + CO2 and HDBR cohorts, as well as for significant differences in this effect between cohorts. We excluded behavioral measurements from the first session for all subjects in both cohorts to control for learning effects between the first two sessions, as has been done in our previous analyses (Yuan et al., 2016). Thus, we used data from sessions 2–4 for HDBR+CO2 and sessions 2–5 for HDBR to test for a main effect of each bed rest intervention. In each case, we entered time as the number of days elapsed since session 2 and treated time as a continuous variable.

We controlled for the effects of age and sex in all models including the HDBR + CO2 cohort. We controlled for the effects of age but not sex in models that only involved the HDBR cohort because all of these subjects were male. In the analyses between the HDBR and HDBR + CO2 cohorts, we also controlled for the effects of the HDBR exercise intervention. For each model described here, we used restricted maximum likelihood (REML) estimation, with statistical significance defined as p < 0.05.



Recovery of Performance

We conducted linear mixed models to test for recovery after each bed rest intervention. For these recovery models, we used data from sessions 4–6 for HDBR+CO2 and from sessions 5–7 for HDBR. We tested for significant recovery effects in the HDBR and HDBR + CO2 cohorts, as well as the SANS and non-SANS HDBR + CO2 cohorts. We also tested for significant differences in these recovery patterns between the HDBR + CO2 and HDBR cohorts, and between the SANS and non-SANS HDBR + CO2 cohorts.

Of note, we previously reported behavioral analyses for both the HDBR + CO2 (Lee et al., 2019a) and HDBR cohorts (Yuan et al., 2016). However, these analyses did not examine recovery patterns or the DTCost of behavioral measures. The previous analyses also included the two HDBR subjects who were removed from the present analyses due to head movement during the dual task fMRI scans. For each model described here, we used restricted maximum likelihood (REML) estimation, with statistical significance defined as p < 0.05.



Effect of SANS Status on Performance

We ran linear mixed models to test for significant changes in performance in subjects who presented with signs of SANS and those that did not present with signs of SANS after HDBR + CO2. We also ran linear mixed models to compare these performance changes between these cohorts. Accuracy, reaction time, and standard error of reaction time, as well as the DTCost of all three measures were assessed in these analyses. For each model described here, we used restricted maximum likelihood (REML) estimation, with statistical significance defined as p < 0.05.




Functional Image Preprocessing and Statistical Analyses


Whole Brain Preprocessing

We processed the dual task data from the HDBR and HDBR + CO2 subjects using identical procedures to our past work (Hupfeld et al., 2020a; Salazar et al., 2020, 2021) using the established Statistical Parametric Mapping software (SPM12, version 7219) (Ashburner et al., 2016) and pipeline (Penny et al., 2011; Ashburner et al., 2016) through MATLAB R2016a (version 9.0). We first corrected functional images for slice timing and realigned the images to correct for volume-to-volume head motion. We then normalized the images to the Montreal Neurological Institute (MNI) 152 space template (Friston et al., 1995) using the following procedure: (1) we reset the origin of all T1-weighted structural images to the anterior commissure; (2) we coregistered the T1-weighted structural images to the corresponding mean functional image; (3) we segmented the T1-weighted images by tissue type (i.e., gray matter, white matter, cerebrospinal fluid, bone, soft tissue, and air) using the SPM12 Dartel algorithm with a sampling distance of 3 mm; (4) we applied the resulting forward deformation fields to the T1 and functional images to warp each into MNI 152 space using 7th degree B-spline normalization.

After normalization, we used the Artifact Detection Tool (ART) to detect outliers of global brain intensity (Z threshold >9) or head movement greater than 3 mm. We removed volumes exceeding these thresholds from the functional timeseries images for each cohort. For the HDBR + CO2 cohort we removed volumes from three subjects in total due to global intensity outliers: volumes 1–2 of session 1-run 2 (i.e., REST volumes) for two subjects; volumes 52–71 (i.e., the last 18 volumes) of session 3-run 2 (i.e., 10 REST volumes; 8 DUAL volumes) for one subject. HDBR + CO2 subjects moved very little, so no volumes were excluded due to movement. For the HDBR cohort, we removed two subjects from subsequent analyses entirely due to global intensity and movement outliers. We also removed volumes from two additional HDBR subjects due to head movement: volumes 1–19 of session 2-run 2 for one subject (i.e., 11 REST volumes, 6 TAP volumes, and 2 COUNT volumes); session 2-run 1 all volumes and session 2-run 2 volumes 1-31 (i.e., 17 REST volumes, 5 TAP volumes, 5 COUNT volumes, and 4 DUAL volumes). After these exclusions, we spatially smoothed the functional images using an 8-mm, full-width, half-maximum, three-dimensional Gaussian kernel.



Whole Brain Subject-Level Statistical Analyses

At the single subject level, we calculated voxelwise brain activity for the TAP, COUNT, and DUAL tasks compared to rest. We then calculated images for the DTCost of brain activation by subtracting the average of the activation during the TAP and COUNT single tasks from activation during the DUAL task. We used a masking threshold of “-Inf” and applied the SPM intracranial volume mask (mask_ICV.nii) to circumvent SPM’s default intensity-based threshold for general linear model inclusion (≥80% of average global intensity). In each subject-level model, we included the ART volume-to-volume head motion parameters as nuisance regressors.



Cerebellar Preprocessing and Subject-Level Statistical Analyses

Montreal Neurological Institute template-based normalization does not accurately warp the cerebellum (Diedrichsen, 2006; Diedrichsen et al., 2009). Instead, identical to our past work (Hupfeld et al., 2020a; Salazar et al., 2020, 2021), we implemented a combination of two optimized cerebellar processing pipelines, CEREbellum Segmentation (CERES) (Romero et al., 2017) and the Spatially Unbiased Infratentorial Template (SUIT) (Diedrichsen, 2006; Diedrichsen et al., 2009). We used CERES to extract and segment the cerebellum, according to a cerebellum-specific tissue type probability map and the T1-weighted image from each subject and session. We elected to use CERES for cerebellar extraction because this pipeline performed more accurately than SUIT. CERES processing resulted in gray and white matter masks, as well as an overall cerebellar mask, specific to each T1-weighted acquisition. We then used the SUIT Dartel normalization algorithm (suit_normalize_dartel) to obtain the affine transformation matrix and flowfield to warp each subject/session structural image from native space to SUIT template space.

We conducted whole-brain slice timing and volume-to-volume realignment as previously described. We then coregistered these functional images to the T1-weighted image that was segmented using CERES and conducted subject-level statistical analyses, also as previously described. We applied the affine transformation matrices, flowfields, and subject/session-specific cerebellar masks to the subject-level contrast images to reslice these images into SUIT template space using the (suit_reslice_dartel) function. We applied a 2-mm smoothing kernel because of the comparatively small volume of the cerebellum. We then conducted group-level statistical analyses on these subject-level statistical images, as well as on the previously described whole brain contrast images. For cerebellar group-level analyses, we applied a binary mask of the SUIT.nii template to exclude any activation that spilled off of the cerebellum due to smoothing.




Group-Level fMRI Statistical Analyses

All neuroimaging statistical analyses were thresholded at k = 10 voxels for the whole brain analyses and at k = 6 for the cerebellar analyses. We defined statistical significance as p < 0.0001 for all models, except the proof-of-concept main effect model (see section “Neural Correlates of Dual Task Performance at Baseline”) and the exploratory SANS versus non-SANS model (see section “SANS vs. non-SANS Comparisons Within the HDBR + CO2 Cohort”), for which statistical significance was defined as p < 0.001. We first applied family-wise error rate (FWE) < 0.05 (Ostwald et al., 2018) and false discovery rate (FDR) < 0.05 (Chumbley et al., 2010) statistical corrections. However, these corrections yielded no significant clusters of activation for any of the analyses below, likely due to the small sample size of the study.

We conducted each of these group-level analyses for TAP, COUNT, DUAL, and DTCost. Here, we report only DTCost fMRI results, except for the proof-of-concept main effect (see section “Neural Correlates of Dual Task Performance at Baseline”) and exploratory SANS analyses (see section “SANS vs. non-SANS Comparisons Within the HDBR + CO2 Cohort”), in which we reported results for all tasks and DTCost. For each model, we included age and sex as covariates of no interest.


Neural Correlates of Dual Task Performance at Baseline

To assess the main effect of TAP, COUNT, DUAL, and DTCost versus values at rest, we calculated average brain activation for each task using a one-sample t-test of the scans from session 2. The purpose of this test was only to confirm that we obtained activation in the expected brain regions during each task.



Time Course of Change in Neural Response to HDBR + CO2

We conducted linear mixed model analyses using the flexible factorial model within SPM to assess longitudinal patterns of change in brain activation during the HDBR + CO2 study. We created contrast vectors to test several hypothesized models of change from session 2 to session 6. The applied contrast vectors reflected three hypothetical patterns of change: “instant change,” “cumulative change,” and “instant change with recovery in HDBR + CO2” (Figure 3). We tested both positive and negative change during HDBR+CO2 for each hypothesized model. Instant and cumulative change models of positive and negative change have been previously applied to HDBR data, as reported by Yuan et al. (2016). (1) The instant change model reflects a response that is dependent only on bed rest status. Once bed rest begins, there is a change from baseline that remains constant and then recovers when the intervention concludes. (2) The cumulative change model reflects a time-dependent pattern in which brain changes become greater over the course of bed rest. (3) The instant change with recovery in HDBR + CO2 model reflects the same response as the initial change model, but instead of maintaining the change throughout the intervention, the change begins to return toward baseline levels while still in bed rest. This is reflective of a gradual adaptation to bed rest. These three hypothesized models involve change at the start of the bed rest intervention; however, because MRI acquisitions did not occur on the first or last day of HDBR + CO2, the applied models are slightly imperfect representations of the hypothesized patterns of change (Figure 3). Here we defined statistical significance as p < 0.0001.
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FIGURE 3. Hypothesized models vs. tested contrast vectors. (A) Instant decrease, (B) cumulative decrease, and (C) instant decrease with recovery in- HDBR + CO2. Models were also applied for instant increase, cumulative increase, and instant increase with recovery in- HDBR + CO2.




Correlations Between Behavioral and Neural Changes Associated With HDBR + CO2

To obtain measures of the magnitude of change that occurred during the HDBR + CO2 intervention, we subtracted each subject’s fMRI statistical contrast image from session 2 from their contrast image from session 4. We also calculated behavior change scores by subtracting session 2 scores from session 4 scores. We then tested correlations between pre- to post-HDBR + CO2 brain activation change and pre- to post-HDBR + CO2 behavioral change. For these models, we used non-parametric one-sample t-tests with one covariate of interest via the SnPM toolbox (Nichols and Holmes, 2002). We performed 15,000 permutations and set variance smoothing = 8 mm for the whole brain analyses and variance smoothing = 2 mm for the cerebellar analyses. We excluded one of the 11 HDBR + CO2 subjects from these brain/behavior correlations because of missing behavioral data from session 2.



Comparisons of Changes Associated With HDBR and HDBR + CO2

To characterize the differential effects of HDBR with and without elevated CO2, we calculated baseline (i.e., intercept) and slope of change statistical images for each subject of both the HDBR + CO2 and HDBR studies. To calculate these images, we used the brain activation maps for sessions 2–4, in an identical manner to our previous HDBR and HDBR+CO2 analyses (Yuan et al., 2016, 2018; Hupfeld et al., 2020a; Salazar et al., 2020, 2021). We calculated regression intercepts and slopes by using weights for each image. We determined these weights using the number of days between acquisitions for each subject. We then divided the slope images by the intercept images to create normalized slope images (i.e., slope of change with the intervention, corrected for baseline activation differences). This permitted direct comparison between rates of change in brain activation for HDBR + CO2 and HDBR subjects, while controlling for any baseline differences. To characterize cohort differences in these intercept, slope, and normalized slope images, we used SnPM non-parametric two sample t-tests with 15,000 permutations and variance smoothing = 8 mm for the whole brain analyses and variance smoothing = 2 mm for the cerebellar analyses. In addition to two HDBR subjects who were excluded due to head motion during scan acquisition, we also excluded three additional subjects from these between-group analyses because their contrast values were greater than three standard deviations above the rest of the cohort and exerted a disproportionate influence on the results. Therefore, for these between-group comparisons, n = 13 for the HDBR cohort.

Of note, the HDBR + CO2 and HDBR fMRI data were collected on different MRI scanners using slightly different acquisition parameters. The images of the HDBR subjects showed more orbitofrontal dropout than images of the HDBR + CO2 subjects, likely a result of the differing scanners and parameters. Additionally, the HDBR subjects participated in an exercise intervention, which was controlled for in statistical analyses. Otherwise, the behavioral and neuroimaging protocols were nearly identical for the two studies. As previously mentioned, we have already reported the neural and performance effects of HDBR on dual tasking (Yuan et al., 2016). Therefore, in the present work, we report HDBR results only for exploratory examination of group differences between HDBR + CO2 and HDBR.



SANS vs. Non-SANS Comparisons Within the HDBR + CO2 Cohort

We conducted exploratory analyses of the HDBR+CO2 cohort between subjects who presented signs of SANS (“SANS,” n = 5) and those who did not (“non-SANS,” n = 6). We used SPM parametric two sample t-tests for these analyses. Non-parametric testing was not possible because fewer than 500 permutation combinations exist for these sample sizes. We tested for between-group differences in intercept activation, slope of activation change, and normalized slope of activation change during performance of the TAP, COUNT, and DUAL tasks, as well as the intercept, slope, and normalized slope of DTCost.





RESULTS


Arterialized PaCO2 During HDBR + CO2

Subjects had no significant increase in PaCO2 from pre- to post- HDBR + CO2 (p > 0.05), with a mean increase of 1.2 mmHg (–0.2 to 2.5 mmHg 95% CI). Further arterial blood gas analyses have been previously reported (Laurie et al., 2020).



Behavioral Performance

We detected no significant effects of time during the intervention (HDBR or HDBR + CO2) or during recovery for any of the dual task performance measures. Performance did not change with repeated exposure to the task or throughout the duration of either intervention. There was an effect of group (p = 0.015) during bed rest for TAP accuracy; the HDBR subjects had higher accuracy than HDBR + CO2 subjects, although TAP accuracy did not change significantly throughout the course of the intervention for either cohort. No other between-group differences were observed for behavioral performance.



Functional Magnetic Resonance Imaging


Neural Response to Dual Task at Baseline

At baseline (i.e., session 2), the main effect of each task relative to rest revealed that the brain activity of the HDBR + CO2 cohort was in the expected regions (Figure 4). When subjects performed the TAP task, activation occurred throughout the motor and premotor cortices, as well as much of the cerebellum. Performing the COUNT task elicited activation primarily in visual regions, including the occipital lobe. During performance of the DUAL task, areas that were involved in the TAP and COUNT single tasks were either activated or deactivated.
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FIGURE 4. Main effect of task at baseline. Average brain activation at session 2 (BDC-7) for the HDBR + CO2 cohort. Contrast images are thresholded at p < 0.001 with a threshold of k = 10 for cerebral cluster and k = 6 for cerebellar clusters. Red areas are clusters of activation and blue areas are clusters of deactivation, both relative to values at rest.


A positive DTCost for a region indicates that brain activation was greater during performance of the DUAL task than the combined activation during performance of the single TAP and COUNT tasks. A negative DTCost for a region indicates that activation was less during performance of the DUAL task than the combined activation during performance of the single TAP and COUNT tasks. Areas of the brain that were deactivated during the performance of the TAP or COUNT tasks at baseline (Figure 4) exhibited negative DTCost, i.e., this deactivation was greater during performance of the DUAL task than the combined deactivation of the area during the TAP and COUNT single tasks. Only areas activated during the motor TAP task saw increased activation during the DUAL task, as has been consistently reported in the literature (Herath et al., 2001; Szameitat et al., 2002; Hartley et al., 2011; Holtzer et al., 2011). This indicates that areas related to the COUNT task exhibit decreased activation during the DUAL task. Furthermore, while fewer TAP-related brain areas were activated during performance of the DUAL task, these regions were activated more than they were during performance of the TAP single task. Areas of the brain that were deactivated during performance of both single tasks were deactivated to a greater degree during the DUAL task.



Time Course of Change in Neural Response to HDBR + CO2

We detected changes in multiple brain regions that adhered to our hypothesized models of longitudinal change (Figure 5 and Table 2). Each of these clusters followed a clear pattern of recovery back to baseline DTCost levels after an initial HDBR + CO2-induced change. A visual assessment of contrast values for all clusters indicated that recovery may have started during HDBR + CO2, potentially indicating adaptation to the intervention.


TABLE 2. Longitudinal change results.
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FIGURE 5. Longitudinal change in DTCost of brain activation associated with HDBR + CO2. (Top Left) Hypothesized models of longitudinal instant change (orange) and instant change with recovery in-HDBR (green). (Top Right) Exhibited pattern of longitudinal DTCost of brain activation change in the left superior frontal gyrus (blue). Analyses were conducted at an uncorrected alpha level of p < 0.0001. (Bottom) Left superior frontal gyrus cluster that showed significant longitudinal change associated with HDBR + CO2.


Changes in the superior frontal gyrus followed our hypothesized “instant decrease with recovery in HDBR + CO2” model of change. The DTCost in this cluster, assessed by changes in contrast values, was negative at all sessions, and decreased with duration in HDBR + CO2, suggesting that brain activation during performance of the single TAP and COUNT tasks remained higher than activation during performance of the DUAL task, and that these differences in activation during the single and dual tasks are exacerbated by HDBR + CO2 (Supplementary Figure 2).

Two cerebellar clusters also followed our “instant decrease with recovery in- HDBR + CO2” model. DTCost in these clusters was initially positive and became negative during HDBR + CO2 before recovering to positive baseline levels (Supplementary Figure 1), indicating that, at baseline, the cerebellum is less activated during performance of the single TAP and COUNT tasks than it is during performance of the DUAL task, and that this trend reverses during HDBR + CO2, at least upon initial exposure.



Correlations Between Behavioral and Neural Changes Associated With HDBR + CO2

There were no significant associations between pre-to-post bed rest changes in DTCost of brain activation and pre-to-post bed rest changes in behavioral measures or their DTCost.



Comparisons of Neural Changes Associated With HDBR and HDBR + CO2

The DTCost intercept values were much larger in the HDBR cohort than the HDBR + CO2 cohort. The normalized slope of change in one cluster in the left middle temporal gyrus was significantly different between the HDBR + CO2 and HDBR cohorts; the DTCost of brain activation increased within the HDBR + CO2 cohort and decreased in the HDBR cohort (Figure 6 and Table 3).


TABLE 3. HDBR vs. HDBR + CO2 between-group results.
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FIGURE 6. Differences in normalized slope of DTCost of brain activation between HDBR + CO2 and HDBR. (Top) Values for normalized slope of DTCost of brain activation in the left middle temporal gyrus for the HDBR + CO2 (left) and HDBR (right) cohorts. Blue, individual values. Orange, average values. Analyses were conducted at an uncorrected alpha level of p < 0.0001. (Bottom) Left middle temporal gyrus cluster that exhibited a significant difference in normalized slope of DTCost of brain activation between the HDBR and HDBR + CO2 cohorts.




Comparisons of SANS and Non-SANS Subjects Within the HDBR + CO2 Cohort

HDBR + CO2 subjects who exhibited signs of SANS had lower levels of baseline (i.e., intercept) activation during performance of all tasks (TAP, COUNT, DUAL) and lower DTCost than the HDBR + CO2 subjects who did not exhibit signs of SANS. The individuals with signs of SANS also had higher magnitude slopes of activation change during bed rest for all three tasks. More clusters exhibited intercept differences than slope differences for all tasks and for DTCost (Figure 7), indicating that the SANS and non-SANS subjects had different task-based activation levels before the intervention began. Before the data were normalized to intercept values, the slopes of DTCost of brain activation were similar between the two cohorts, with no significant clusters in which SANS subjects had more positive slopes than non-SANS subjects and just one in which the SANS subjects had more negative slopes. After data were normalized to intercept values, some slope differences remained; the SANS subjects had higher magnitude slopes of change than the non-SANS subjects in two temporal lobe clusters and lower slopes of change than non-SANS subjects in one frontal cluster (Figure 7 and Table 4). We recently reported a significant group (SANS, non-SANS) × time interaction for accuracy during the TAP (p = 0.0008) and DUAL (p = 0.0069) tasks, and for DUAL reaction time (p = 0.0011) during the intervention (Lee et al., 2019a). Additionally, we identified a group × time interaction (p = 0.0314) for the DTCost of reaction time during the intervention. During the recovery period after HDBR + CO2, we also found a significant group x time interaction for accuracy during the TAP task (p = 0.0098) (Supplementary Table 1).


TABLE 4. SANS vs. non-SANS between-group results.
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FIGURE 7. Intercept, slope, and normalized slope differences for the SANS vs. non-SANS cohorts. All areas of change for any task or DTCost. Red, SANS activation > non-SANS activation. Blue, SANS activation < non-SANS activation. (Top) Intercept differences. (Middle) Slope differences. (Bottom) Normalized slope differences. Analyses were conducted at an uncorrected alpha level of p < 0.001.






DISCUSSION


Key Findings

The HDBR subjects had greater accuracy during the TAP task than the HDBR + CO2 subjects did, but overall TAP performance did not change for either cohort during the interventions. Multiple brain regions exhibited longitudinal changes with HDBR + CO2 that followed our hypothesized models and returned toward pre-bed rest levels either during or after HDBR + CO2. We also found one left middle temporal gyrus cluster that exhibited increasing DTCost in HDBR + CO2 and decreasing DTCost in HDBR. Additionally, subjects who showed signs of SANS and subjects who did not show signs of SANS differed in a number of measures, including baseline activation levels and slope of activation change during HDBR + CO2. Between these cohorts, we also identified several group × time effects on DTCost of reaction time during HDBR × CO2 and TAP accuracy during the recovery period. The small sample size and uncorrected results of this pilot study limit its interpretability. The small sample size may have precluded us from detecting meaningful, but not statistically significant, brain-behavior associations and larger scale future studies should be conducted to confirm the present findings.



Arterialized PaCO2 Changes During HDBR + CO2

We observed no significant increases in PaCO2 from pre- to post-bed rest. Spirometry measurements collected in HDBR + CO2 subjects (Laurie et al., 2019) and during spaceflight (Prisk et al., 2006) have previously shown no changes in end-tidal CO2 (PETCO2), a surrogate for arterial CO2 measurement. It is also notable that previous reports from the HDBR + CO2 investigation have shown that respiratory acidosis, via elevated CO2 levels, never developed. There was, however, a metabolic alkalosis that persisted until 13 days after the completion of bed rest (Laurie et al., 2020).



Changes in Dual Tasking Behavior During HDBR and HDBR + CO2

We identified several dual task performance changes that were associated with either HDBR (Yuan et al., 2016) or HDBR + CO2. The HDBR + CO2 cohort’s accuracy during the TAP task was lower than that of the HDBR cohort, but neither cohort showed any significant change during the intervention. There were no differences in post-intervention recovery patterns. Thus, as was previously noted in studies of elevated CO2 (Scully et al., 2019) and HDBR + CO2 (Basner et al., 2018), the present data do not indicate changes in cognitive performance with either elevated CO2 or bed rest. These recent studies also report few motor performance changes, in contrast with early case studies of cognitive-motor dual tasking during spaceflight (Manzey et al., 1995, 1998; Manzey and Lorenz, 1998b). This lack of observable change could be due to additive effects of CO2 with HDBR on neural compensation, the level of difficulty of the tasks themselves (i.e., the tasks used here could have been too easy for participants), or because of the challenge of adapting to an HDBR + CO2 environment is less demanding than adaptation to spaceflight.



Changes in Neural Correlates of Dual Tasking During HDBR + CO2


Time Course of Change in Neural Response to HDBR + CO2

Baseline DTCost of brain activation was negative in the cerebrum and positive in the cerebellum; values in both regions decreased once HDBR + CO2 began and then returned to baseline levels after HDBR + CO2. We previously found that HDBR was associated with widespread longitudinal increases in DTCost of brain activation (Yuan et al., 2016) whereas, in HDBR + CO2, we found the opposite pattern. The cluster in the left superior frontal gyrus exhibited a negative DTCost at baseline that decreased with HDBR + CO2 and eventually returned to baseline, with recovery potentially beginning during HDBR + CO2. Cerebellar regions displayed a positive baseline DTCost that became negative during HDBR + CO2 and then returned to baseline values, with an even stronger recovery pattern beginning while still in HDBR + CO2.

Work by Manzey et al. (1995) and Manzey and Lorenz (1998b) has demonstrated that dual tasking performance measures decline after astronauts begin spaceflight and then begin to recover while still in space. We previously reported comparable recovery effects in the neural correlates of vestibular stimulation during HDBR + CO2 (Hupfeld et al., 2020a) and, in the present study, we observed similar patterns with dual tasking brain activity during HDBR + CO2. To date, there have been few fMRI studies after spaceflight. Those that have been conducted (Demertzi et al., 2016; Pechenkova et al., 2019) have been unable to follow changes in-flight due to technological limitations inherent to the modality. We recently reported that changes in structural brain metrics within the cerebellum, including fractional anisotropy, were greater after short duration spaceflight than after longer duration spaceflight (Lee et al., 2019b). This could indicate that the brain accommodates to the novel environment of spaceflight and begins to return to its normal structure and physiology during longer flights. Alternatively, some changes in brain structure, including increased ventricular volume, recover little – even when measured multiple months postflight (Van Ombergen et al., 2019; Hupfeld et al., 2020b). This potential variation in recovery for different structures underscores the importance of further study of the brain’s recovery to baseline structure and function during or after spaceflight. The inability to collect fMRI during spaceflight makes bed rest interventions critical for understanding this possible neural adaptation during spaceflight.



Brain-Behavior Changes Associated With HDBR + CO2

We previously reported positive associations between changes in DUAL reaction time in the HDBR cohort and activation changes in frontal, parietal, temporal, and occipital regions of the brain (Yuan et al., 2016), i.e., as brain activation increased in these regions, performance worsened. Increases in DTCost of reaction time were also associated with increasing DTCost of brain activation in these subjects (Yuan et al., 2016). In the current study, we found no significant brain-behavior correlations. The prior SPACECOT study also showed that the addition of CO2 lessened the motor performance decrement normally seen with HDBR interventions (Basner et al., 2018). Thus, it could be that CO2 mitigates some of the negative cognitive effects induced by other spaceflight factors.



Comparisons of Neural Changes Associated With HDBR and HDBR + CO2

The HDBR + CO2 cohort had more brain regions with a reduced slope of DTCost change than the HDBR cohort did. However, after normalization for intercept (i.e., baseline) values, only one cluster of DTCost slope difference in the left middle temporal gyrus remained. The middle temporal gyrus is associated with comprehension of symbolic gestures and actions (Kable et al., 2005; Kubiak and Króliczak, 2016; van Kemenade et al., 2019) and has previously been reported to show altered activity during dual task and attention-specific paradigms (Mizuno et al., 2012). The left middle temporal gyrus exhibited a positive normalized slope of DTCost in the HDBR + CO2 cohort and a negative normalized slope of DTCost in the HDBR cohort, i.e., DTCost of brain activation within the cluster increased with HDBR + CO2 and decreased with HDBR. A potential explanation for this finding is that exposure to elevated levels of CO2 may reduce connectivity within the default mode network (Xu et al., 2011). Alternatively, this finding could be a result of the increased cerebral perfusion associated with hypercapnia (Brian, 1998), as BOLD signal is directly proportional to the amount of deoxygenated blood flow to a region. Furthermore, recent work found that 14 months at the German Neumayer III station in Antarctica resulted in reduced hippocampal volume that correlated with spatial mental rotation performance (Stahn et al., 2019). Thus, it could also be that differences in DTCost in the left middle temporal gyrus (part of the parahippocampal cortex) are due in part to the social isolation and environmental deprivation of HDBR participation. This may indicate that this observed change in parahippocampal activation with HDBR + CO2 could be a compensatory response related to possible structural declines associated with the intervention. This hypothesis would also support our recent finding that greater HDBR + CO2-related increases in activation of multiple cortical regions, including middle temporal gyrus, are associated with better maintenance of spatial working memory (Salazar et al., 2020).

With similarly few behavioral changes and substantially more brain-behavior correlations in the HDBR cohort, the present findings, those from the SPACECOT study (Basner et al., 2018), and those from our previous work (Hupfeld et al., 2020a) suggest a compensatory response during HDBR + CO2 that reduces the development of behavioral changes during the intervention. Similar compensatory responses, with increased levels of generalized physiological activation (e.g., sympathetic, musculoskeletal, and heart rate responses) in place of performance decrement, have been reported in various situations (Hockey, 2010) and it is possible that more concerted and directed attention during these tasks could also lead to further increases in neural activation and preservation of task performance. Compensatory changes with structural neurological decline have been seen in older adults (Reuter-Lorenz and Lustig, 2005; Seidler et al., 2010; Zahodne and Reuter-Lorenz, 2019), a population that is sometimes used to parallel the potential effects of spaceflight (Hupfeld et al., 2021). These compensatory patterns of change, as well as functional patterns that result in behavioral change, are also seen in HDBR and HDBR + CO2 studies of sleep and adaptation (Hupfeld et al., 2020a). In HDBR, a similar mechanism of compensation –without complete performance preservation—could be at work, as reaction time increased with increased activation in numerous regions of the brain. However, the additional stress and nervous arousal produced by exposure to elevated CO2 levels could also be augmenting this response in HDBR + CO2 (Guyenet et al., 2010).



SANS vs. Non-SANS Comparisons Within the HDBR+CO2 Cohort

The present study is the first to report that bed rest interventions can induce signs of SANS (Laurie et al., 2019). Exploratory analyses of the HDBR+CO2 cohort revealed multiple differing patterns of behavioral change between the SANS and non-SANS subjects. However, we identified few differences in the normalized slope of task-based activation change and DTCost between these two cohorts, indicating differing levels of neural compensation between the two cohorts. Interestingly, SANS subjects also exhibited lower intercept values and higher slope values than the non-SANS subjects for task-based activation and DTCost throughout the brain. This raises the possibility that baseline values may affect the ability of a brain region to respond and adapt to a stressor, and it has been suggested that genetic differences and/or B-vitamin status might play a role in susceptibility to SANS (Smith and Zwart, 2018). We have previously reported (Lee et al., 2019a) that the HDBR + CO2 subjects who developed signs of SANS were more visually dependent in their perception of stimuli than subjects who did not develop signs of SANS, indicated by their higher “frame effect” and lower response variability during a rod and frame test. This visual dependence is a potential reason for the differential response to dual tasking in HDBR + CO2 between SANS and non-SANS subjects. These behavioral and activation differences between the five SANS subjects and the six non-SANS subjects could also be contributing to the overall lack of normalized slope differences between HDBR + CO2 and HDBR cohorts.

The signs of SANS that we observed in this study indicate that HDBR+CO2 is a useful spaceflight analog, but further investigation is certainly necessary. Larger sample sizes would allow for better characterization of individual differences in factors that contribute to the development of SANS and for a better understanding of how HDBR + CO2 interacts with SANS risk.




Limitations

Limitations of this pilot study include a small sample size, lack of a control group, and differences in fMRI acquisition parameters and timing intervals between the HDBR and HDBR + CO2 cohorts. This project was conducted as a part of a large multi-investigator campaign, which greatly limited the time allotted for our task. This, in turn, limited the amount of data that could be acquired and analyzed. While the use of linear mixed models in our slope comparisons enabled us to compare both interventions despite their differing timelines, it also assumed linear change over time. Additionally, our exclusion of the first session to control for practice effects does not fully account for the learning that occurred over time, but was consistent with the methodology that has been previously used in our prior analyses (Yuan et al., 2016). The 13 HDBR subjects also underwent a concurrent exercise intervention, which was included as a covariate of no interest in all statistical analyses that involved the HDBR cohort; exercise has been shown to modulate brain changes during recovery following HDBR (Koppelmans et al., 2018). The use of exercise as a covariate of no interest has likely limited our statistical significance, as all included HDBR subjects participated in exercise while none of the HDBR + CO2 subjects did. small sample size necessitated the use of uncorrected p-values to assess statistical significance. In light of these limitations, this pilot campaign should act as a framework for larger studies in the future. Even with the addition of elevated CO2 levels, HDBR + CO2 does not mimic all of the stimuli present on the ISS, including space radiation and sleep disruption (Cooper, 1996), and it is difficult to establish the degree of environmental replication that exists with these analogs. The effects of microgravity on brain activation are also task-dependent, so these results may not be generalizable to all motor or cognitive-motor tasks (Cheron et al., 2006, 2014).

Despite these limitations, the present work demonstrates that differences occur with the addition of CO2 to a standard HDBR analog. Future studies should aim to validate our preliminary findings and to further characterize the time course of bed rest-related brain and behavioral changes, the quality of HDBR as a spaceflight analog, the additive effects of elevated CO2, the potential for neural compensation, and the individual differences in factors that contribute to SANS risk and symptoms.




CONCLUSION

We report preliminary findings of performance and brain activity responses during cognitive-motor dual tasks associated with 30 days of HDBR + CO2. Minimal performance changes were associated with HDBR + CO2, similar to our previous findings with HDBR under normal atmospheric CO2 conditions. Some brain regions followed a pattern of decreasing activation with HDBR + CO2 and returned to baseline levels, with recovery appearing to start during bed rest. Minimal differences were appreciated in the normalized slopes of the DTCost brain activation between the HDBR + CO2 and HDBR subjects. This lack of difference could be due to differences in HDBR + CO2 subjects who did and did not develop signs of SANS, as we identified several differences in dual task brain activity for the SANS versus non-SANS subjects. Thus, the present work demonstrates that elevated CO2 in combination with HDBR likely affects brain function and behavioral performance differently than HDBR under atmospheric CO2 conditions. We are currently collecting similar MRI and behavioral metrics from astronauts before and after long-duration ISS missions (Koppelmans et al., 2013), in part to directly compare dual task brain activity and performance change between astronauts and bed rest subjects.
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A limitation of simulated space radiation studies is that radiation exposure is not the only environmental challenge astronauts face during missions. Therefore, we characterized behavioral and cognitive performance of male WAG/Rij rats 3 months after sham-irradiation or total body irradiation with a simplified 5-ion mixed beam exposure in the absence or presence of simulated weightlessness using hindlimb unloading (HU) alone. Six months following behavioral and cognitive testing or 9 months following sham-irradiation or total body irradiation, plasma and brain tissues (hippocampus and cortex) were processed to determine whether the behavioral and cognitive effects were associated with long-term alterations in metabolic pathways in plasma and brain. Sham HU, but not irradiated HU, rats were impaired in spatial habituation learning. Rats irradiated with 1.5 Gy showed increased depressive-like behaviors. This was seen in the absence but not presence of HU. Thus, HU has differential effects in sham-irradiated and irradiated animals and specific behavioral measures are associated with plasma levels of distinct metabolites 6 months later. The combined effects of HU and radiation on metabolic pathways in plasma and brain illustrate the complex interaction of environmental stressors and highlights the importance of assessing these interactions.
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INTRODUCTION

The space environment consists of multiple charged particles that may impact brain function during and after exploratory missions. Various studies have reported effects of limited types of simulated space radiation on brain function in mice (Raber et al., 2015; Impey et al., 2016; Raber et al., 2016; Acharya et al., 2019; Raber et al., 2019; Torres et al., 2019) and rats (Rabin et al., 2015; Britten et al., 2017; Mange et al., 2018). Several of these studies considered behavioral and cognitive effects of single ions, but several considered “ad hoc” combinations of multiple ion beams delivered sequentially (Raber et al., 2019; Raber et al., 2020).

While much has been learned from simulated space radiation studies to date, a limitation is that radiation exposure is not the only environmental challenge astronauts face during missions. For example, microgravity is another challenge astronauts face during space missions. Therefore, models of simulated microgravity are being used in humans (Alessandri et al., 2012) and animal models (Ray et al., 2001; Morey-Holton and Globus, 2002). Microgravity alone has been suggested as a cause of brain dysfunction. For example, simulated microgravity affected metabolic pathways in the hippocampus (Sarkar et al., 2006). In addition, simulated microgravity during parabolic flights impaired the 3-dimensional visuospatial tuning and orientation of mice (Oman, 2007). Space radiation and microgravity might interact in how they affect biological outcome measures, including DNA damage (Moreno-Villanueva et al., 2017), other injury-related cellular pathways like oxidative stress and mitochondrial function (Yatagai et al., 2019), cardiovascular health (Patel, 2020), and bone function (Krause et al., 2017). Space radiation and microgravity might also interact in their effects on brain function.

NASA is actively planning exploratory missions where astronauts will be exposed to prolonged exposure to radiation and microgravity. The rat is accepted by NASA as a model organism to study the health effects of simulated galactic cosmic rays and microgravity. The WAG/Rij strain of rat is sensitive to radiogenic cardiovascular disease after exposure to low energy photons or mixed beams of high-energy charged particle radiation. Simulated space radiation and combined simulated microgravity and simulated space radiation, but not simulated microgravity by itself, induced vascular endothelial cell dysfunction (Delp et al., 2016). Prior to conducting exploratory missions, NASA needs to understand the impact of space radiation and microgravity on the central nervous system. The WAG/Rij rat is of interest in the context of long-term space missions, as this strain exhibits depression-like symptoms (Sarkisova and Kulikov, 2006; Sarkisova and Van Luijtelaar, 2011; Russo et al., 2014). These symptoms include: (1) decreased investigative activity in the open field test; (2) increased immobility in the forced swimming test; (3) decreased sucrose consumption and preference (anhedonia); (4) adopting passive strategies in stressful situations, helplessness, and submissiveness: and (5) inability to make choice and overcome obstacles. In addition, there are alterations in serotonin and dopamine levels in the brain, which are typical for depressed patients (Sarkisova and Van Luijtelaar, 2011). Depressive behavior, and mental health in general, is very pertinent to successful space missions (Kanas, 2016), especially longer deep space missions as those planned to Mars, and we reported increased depressive-like behavior of B6D2F1 mice 2 months following sequential radiation with protons (1 GeV, 60%, LET = 0.2 keV/μm), 16O (250 MeV/n, 20%, LET = 25 keV/μm), and 28Si (263 MeV/n, 20%, LET = 78 keV/μm) at a total dose of 0.5 Gy, a mission-relevant dose for exploratory class missions (Raber et al., 2019). Conducting studies of space radiation and simulated microgravity in the WAG/Rij rat allows comparisons to be made between the central nervous and cardiovascular systems.

In this study, we characterized behavioral and cognitive performance of male WAG/Rij/Cmcr rats 3 months after sham-irradiation or total body irradiation with a specially designed simplified galactic cosmic radiation simulator (simGCRsim) prescribed by NASA, comprised of five ions delivered at six discrete energies in rapid succession (0, 0.75 or 1.5 Gy; Simonsen et al., 2020). In addition, to assess the role of microgravity, we included experimental groups of simulated weightlessness using hindlimb unloading (HU) alone and HU in combination with simGCRsim exposure (1.5 Gy). Six months following behavioral and cognitive testing (9 months following sham-irradiation or total body irradiation), plasma and brain tissues (hippocampus and cortex) were processed to determine whether the behavioral and cognitive effects were associated with long-term alterations in metabolic pathways in plasma and brain.



MATERIALS AND METHODS

All methods were carried out in accordance with relevant guidelines and regulations and approved by the IACUC of BNL and MCW.


Animals, Hindlimb Unloading and Radiation Exposures

The outline of the study is illustrated in Figure 1. The opportunistic current study took advantage of the availability of sham-irradiated and irradiated WAG/Rij/Cmcr (WAG) rats part of a cardiovascular study in the Baker laboratory at MCW. Due to the longitudinal design of the cardiovascular study to assess late changes in cardiovascular function, the animals were euthanized 6 months following behavioral and cognitive testing and 9 months following sham-irradiation or total body irradiation. As one goal of the study was to compare alterations in metabolic pathways in plasma with those in brain, plasma, hippocampus, and cortex were processed for metabolomics at this time point as described below.
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FIGURE 1. Timeline of the study. The animals received hindlimb unloading (HU) or not (non-HU) starting 5 days before sham-irradiated or irradiation. The HU condition continued 25 days after the sham-irradiation or irradiations. The animals were behaviorally and cognitively tested 90 days after sham-irradiation or irradiation. Collection of plasma and dissection of the hippocampus and cortex for metabolomics occurred 270 days after sham-irradiation or irradiation.


WAG male rats (n = 69), a substrain of WAG/Rij, separated from the colony at Netherlands Organization for Applied Scientific Research (TNO, Rijswijk, Netherlands), in about 1975, and maintained at Medical College of Wisconsin (MCW), were shipped to the Brookhaven National Laboratory (BNL), Upton, NY. After 2 weeks of acclimatization, and at 9 months of age, they were sham-irradiated or irradiated with a standardized, simplified 5-ion exposure prescribed by NASA and referred to as simGCRsim (consisting of rapid, sequential exposure to protons (1000 MeV/n, LET = 0.2 keV/μm, 35%), 28Si ions (600 MeV/n, LET = 50.4 keV/μm, 1%), 4He ions (250 MeV/n, LET = 1.6 keV/μm, 18%), 16O ions (350 MeV/n, LET = 16.9 keV/μm, 6%), 56Fe ions (600 MeV/n, LET = 173.8 keV/μm, 1%), and protons (250 MeV/n, LET = 0.4 keV/μm, 39%). Rats were exposed to 0, 0.75 Gy or 1.5 Gy) at the NASA Space Radiation Laboratory (NSRL) at BNL on May 7 or May 8, 2019. The 1.5 Gy cohort included experimental groups of simulated weightlessness using HU alone and HU in combination with radiation. The HU procedure was initiated 5 days prior to sham-irradiation or irradiation as described below. The rats remained in the HU conditions 25 days following sham-irradiation or irradiation. The animals were group housed besides the period during HU and operant set shifting. One week following the end of the HU period, the animals were shipped back from BNL to MCW where the behavioral testing was conducted and other endpoints were collected. The animals were maintained on a Teklad 8904 diet (Indianapolis, IN, United States) and fed ad libitum during this study, except for the period of the operant set shifting test described below. The animals were housed in a reverse light cycle room with lights off 0730−1930. All behavioral and cognitive testing was performed during the dark period. All animal procedures were consistent with ARRIVE guidelines and reviewed and approved by the Institutional Animal Care and Use Committee at BNL and MCW. All analyzes were performed blinded to treatment. The code was broken once the data were analyzed.



Hindlimb Unloading

On Day 1, the rats were randomly grouped to serve as either full weight-bearing on all four limbs, or to be HU via tail suspension with body weight borne on the two front limbs. The HU procedure was a modified version of the one previously published (Wiley et al., 2016). Briefly, rats were lightly anesthetized with isoflurane (2.5–3.0%; 100% oxygen flow rate). While anesthetized, the tail was cleaned using 70% isopropyl alcohol. Benzoin tincture was applied to the lateral surfaces of the tail prior to the placement of strips (1 cm wide by 30 cm long) of adhesive medical traction tape (3M, St. Paul, MN, United States). The tape was placed approximately 1 cm from base of the tail, spanning distally for approximately the next 3/4ths the length of the tail. The free end of the tape was looped through a catch that was part of a custom-build plastic ball bearing swivel. After passing through the swivel, the tape was symmetrically adhered to the other lateral side of the tail in a similar spatial manner. Three pieces of 1/2-in micropore surgical tape (3M, St. Paul, MN, United States) were secured perpendicularly along the traction tape. A 1.56-in stainless oval wire carabiner clip (Nite Ize, Boulder, CO, United States) was attached through a hole on the top portion of the plastic swivel, with the other end of the carabiner clip attached to a zipper hook that slides along a perlon cord (STAS group, BA, Eindhoven, Netherlands). The cord was attached to a clothesline support separator spreader pulley (Blue Hawk, Gilbert, AZ, United States) that slides along a 5/16-in diameter round, solid steel rod (Hillman, Cincinnati, OH, United States). Once the attachment was complete, the zipper lock was adjusted along the perlon cord to lift the hind limbs fully off the substrate with a pitch angle of the thorax and abdomen 30° relative to the horizontal substrate plane. Rats quickly recovered from anesthesia and were monitored closely for the next 24 h. Rats maintained under standard gravitational conditions (non-HU) received isoflurane, but were not tail suspended. All HU and non-HU rats were further subgrouped as to receive one of the two radiation doses (0.75 Gy or 1.5 Gy) or sham-irradiation (0 Gy), and all animals were singly housed. Monitoring over the next 5 days was carefully performed to ensure the HU rats had access to food and water and could move smoothly across the cage, despite the hind limbs not touching the substrate. Wet rodent chow and gel packs were provided to ensure hydration. Corrugated cardboard bedding was supplied to permit burrowing for all rats. On Day 5, animals were transferred from HU or non-HU housing to a new plexiglass box (holder) drilled with air holes for radiation or sham-radiation exposure. HU animals remained suspended through the transferring process by removing the plastic ball bearing from the carabiner and relocating the animal to a plastic plexiglass holder (9.5″ × 4″ × 7.5″) where plastic bead chains were attached to the swivel. The new holders were placed into a rigid foam frame allowing six rats (in six holders) to be placed into the beamline simultaneously. The frame accommodated lengths of plastic bead-chains hanging from a top cross bar. One bead chain was looped through the hole in the plastic swivel, and the free end of the bead chain was affixed to itself using a plastic zip tie. The bead chain was then adjusted at the cross bar to ensure a 30° of the body of the relative to the plexiglass floor of the holder, with the hind limbs remaining off the floor. Each holder lid contained a cut-out section to permit closure with the tail extending upward toward the cross bar. This process was repeated five more times, such that a total six rats were HU and stacked (3 high; with two rats on the bottom, middle, and top levels) within the foam frame. Rats that did not receive HU were placed into similar plexiglass boxes drilled with airholes and stacked into rigid foam frames, but remained full weight-bearing. Their holders were smaller (8″ × 4″ × 4″), and were aligned in a matrix of three horizontal capsules and four vertical one for irradiation on the beam line (or sham-irradiation). Rats were then transported to the NSRL facility on each irradiation day for sham-irradiation or radiation exposure. All methods were carried out in accordance with relevant guidelines and regulations.



Behavioral Studies

Behavioral studies were initiated 3 months following radiation or sham-irradiation, in August 2019.



Performance in the Open Field in the Absence and Presence of Objects

Starting 3 months post-irradiation or sham-irradiation, exploratory behavior, measures of anxiety, and hippocampus-dependent spatial habituation learning were assessed in a black open field (90.49 cm × 90.49 cm × 45.72 cm) during two subsequent days. The rats were placed in the open field for 5 min per day. The animal cage was brought into the testing room. The rat was picked up gently placing thumb and fore finger behind the fore legs and wrapping the hand around the stomach. The researcher held the animal against the stomach while transporting the animal to or from the enclosure. The animal was placed in the middle of the open field. The researcher left the testing room during behavioral testing. Following testing of a rat, the enclosure was cleaned with a 70% isopropyl alcohol solution. Outcome measures analyzed using video tracking (Noldus Ethovision XT13, Wageningen, Netherlands) were the total distance moved and the percent time spent in the more anxiety-provoking center zone (45.25 × 45.25 cm).

On day 3, the rats were tested for in the open field containing objects based on the protocol using 3D printed objects as reported (Aguilar et al., 2018). The animals were first habituated to an open field one orange object and one cover of a 50 ml conical tube for 5 min. The objects were placed 45.72 cm from the top side of the enclosure and 30.48 cm from the left and right sides of the enclosure. The distance between the two objects was also 30.48 cm. Five minutes following the habituation trial (H), the rats were placed back in the enclosure containing two identical blue objects (squares) or two identical red objects (cylinders) for an acquisition trial. The objects were counterbalanced for this task. Half of the rats started with the blue squares and the other half started with the red cylinders. Sixty minutes following the acquisition trial (A), the rats were placed back in the enclosure with one of the familiar objects replaced with a novel red or blue object for a test trial (T). Outcome measures analyzed using video tracking were the total distance moved and percent time spent in the center zone (45.25 × 45.25 cm) containing the objects. In addition, the percent time the animals explored the novel and familiar objects in the test trial was analyzed by manual scoring of the digital videos and the discrimination index was calculated. The “discrimination index” was defined as [the time spent exploring the novel object (s)] – [time spent exploring the familiar object (s)]/(total time spent exploring both objects). The light intensity during open field and object recognition testing was 50 lux. A white noise generator (setting II) and overhead lights were used during the testing.



Forced Swim Test

Following open field and object recognition testing, depressive-like behaviors of the rats were tested in the forced swim test. Rats were placed inside transparent round cylinders (91.44 cm high, diameter: 20.38 cm) filled 2/3 with water (28°C) to a designated level (∼60.69 cm) that allowed the tail, but not hind paws, to touch the bottom of the cylinder. A white noise generator (setting II) and overhead lights were used during the test. The rats were tested two at a time with an opaque separator placed between the two set ups. The rats were place in the cylinder for 6 min. Following removal from the water, they were dried off with paper towels, and monitored for 5 min in a warmed cage before being returned to their home cage. After 2–3 animals, the water was removed, and the cylinder was refilled with clean water. The outcome measure was the percentage of time the rats were immobile during the period of the test, as analyzed by manual scoring of the digital videos. The light intensity during the forced swim testing was 120 lux.



Operant Set-Shifting and Reversal Tests

Finally, a subgroup of animals [n = 48 rats; four experimental groups: sham-irradiated, irradiated (0.75 or 1.5 Gy), and irradiated (1.5 Gy) plus HU] were tested for testing of operant set-shifting and reversal. Operant set-shifting and reversal were performed as described (muelbl et al., 2018) using methods adapted from Floresco et al. (2008). There were daily sessions. Rats were food restricted (∼85% free-feeding weight) beginning 3 days before the pre-training phase and continued throughout all operant testing. The day before pre-training, each rat was given 20 sucrose pellets that would be used as reinforcers during all training sessions.

The first pre-training phase involved a single lever press that resulted in a sucrose pellet reinforcer. Only one lever was presented in each session (either left or right, which was counterbalanced across groups). The criterion was met once 50 sucrose pellet reinforcers were given in a 30-minute session. Once criterion was reached, the rats were trained on the opposite lever with the same stipulations.

The second pre-training phase involved 90 distinct trials. In each trial, a random, single lever (left or right) was extended and available for a maximum of 10 s. Within that time window, a lever press would result in a sucrose pellet reinforcer, retraction of the lever, a house light shut off, and a 10 s time out period. The end of the time out period was signaled by the onset of the house light and a new lever exposure. If a lever was not pressed during the 10 s of exposure, the lever was retracted and counted as an omission. The 10 s time out period would still follow regardless, and the next trial would start. Rats had to complete this training for a minimum of four sessions. In order to pass on to the next phase, the rats needed to have fewer than 15 omissions in a session.

The last part of the pre-training phase was a solitary session to determine if a rat had developed a side bias during the previous tests. There were seven total trials in the session, which consisted of two phases. During the first phase, the house light was illuminated and both left and right levers were exposed. If either lever was pressed, a sucrose pellet reinforcer was presented, and the levers were retracted. The second phase involved in either a “correct” or “incorrect” lever response. At the beginning of this phase, both levers were once again presented, but only an opposite lever press compared to that of the first phase resulted in a sucrose pellet reinforcer. This was designated a “correct” response, and a new trial began. If the same lever was pressed in the second phase as the first, the result would be the absence of a reinforcer and a shut-down of the house light. This outcome was designated as “incorrect”. This second phase would be repeated until the “correct” response was completed. The biased side was determined by the first phase’s greatest number of lever presses on a given side.

The next testing phase was visual-cue discrimination. During this phase, the ability of the rats to detect a correct lever by selecting the lever with a visual cue light illuminated above it was assessed. There was a minimum requirement of 30 trials and a maximum of 150 trials in each session. The session either ended after 10 consecutive correct trials (excluding omissions) or after the 150th trial. These trials lasted 20 s. During the trials, both left and right levers were exposed, and one cue light was presented above the reinforced lever. The side of the cue light was randomly selected within each trial. If the rat pressed the lever below the cue light, the rat received the sucrose pellet reinforcer, levers were pulled back, the cue light turned off, and a “correct” lever response was recorded. An incorrect response was recorded if a rat pressed the lever opposite of the illuminated cue light. The response was followed by the cue light turning off and both levers being pulled back. A reinforcer was not provided in this instance. If a rat did not press a lever within the first 10 s of the trial, the levers were withdrawn, the cue light was turned off, and an omission was recorded. Following each scenario, a 10 s time out occurred before the start of the next trial. If the rats did not meet the criterion of 10 consecutive correct trials in one session, the sessions would be repeated on subsequent days until the criterion was met.

Once the criterion was met for the visual-cue discrimination test, the rats were tested for shift-to-response discrimination. In this phase, the rat was trained to select the “correct” lever based on a spatial rule rather than a visual cue rule. The visual cue light was independent of the correct lever, and the correct lever was either always the left or the right one for each trial. Pressing of the “correct” lever resulted in a sucrose pellet reinforcer. The selected “correct” lever was chosen by the software based on the Side Bias Determination test and was the least responded lever. The session started with 20 “reminder” trials that followed the outcomes of the previous visual cue discrimination test. All subsequent trials followed the new spatial rule of discounting the visual cue light and pressing of either the left or right lever. These reminder sessions allowed analyzing the 24-hour recall of the previous test to see if the learned rule was maintained. In addition, these reminder sessions provided a baseline performance of the visual-cue rule directly before the rule shift. There were 180 trials with the spatial cue rule. Thus, with the addition of the 20 “reminder” sessions, the rats received 200 total trials in this phase. Other than the reward deliveries, each trial’s presentation was duplicated from the visual-cue discrimination test. Within these 180 trials of learning the spatial rule, reaching a criterion of successful performance was defined as 10 consecutive correct trials. If the criterion was not reached in the session, the next day this training phase was repeated. There were three types of errors that could have occurred to prevent meeting the criterion: perseverative, regressive, or never reinforced related errors. A perseverative error occurred when the rat reached 75% of the required 10 correct responses within a block of 16 trials. A regressive error occurred when the rat reached the 75% of correct responses within the same block of 16 trials. A never reinforced error occurred when an incorrect response was not associated with the cue light.

After the shift-to-response discrimination test criterion was met, the rats were tested for response reversal the next day. Similar to the last phase, the session began with 20 “reminder” trials of the previous test phase. The following 180 trials followed that same spatial rule with the exception of the “correct” side. For example, if the “correct” side of the Shift-to-response test was the left side lever, the response reversal test’s “correct” lever would be the right-side lever. The same criterion of 10 consecutive correct trials was required as a positive response for this test phase as well. If the criterion was not met, this test phase would be repeated on the next day.

Finally, the rats were tested for progressive ratio test performance to gauge the motivation to acquire the sucrose pellet reinforcer. This test was phase occurred after the response reversal test. The “correct” lever of the response reversal test was the only lever exposed to the rat during this phase. For 1 h, the rats were able to press this lever, without constraints, on a progressive ratio schedule of reinforcement. Each ratio was calculated based on the formula described in Richardson and Roberts (1996), using j = 0.18. During this session, the house light remained on for its entirety and there were no cue lights.



Metabolomics Analysis of Plasma, Hippocampus, and Cortex

Nine months following sham-irradiation or irradiation and 6 months after the behavioral and cognitive testing, in February 2020, sham-irradiated rats and rats irradiated at 1.5 Gy, in the absence and presence of HU, were quickly killed using a guillotine without anesthesia. The blood was collected in EDTA-containing tubes, centrifugated at 2,000 g for 10 min and the plasma supernatant collected and stored at −80°C. The brain was cut along the midline on ice in PBS and the whole hippocampus and whole cortex were dissected as described (Raber et al., 2002) and stored at −80°C. The tissues were homogenized in 300 μL (per 30 mg of tissues) of cold methanol: water (8:2, v/v). From 100 μl of plasma or hippocampal or cortical homogenates, metabolites were extracted. Untargeted metabolomics was performed as described (Kirkwood et al., 2013). Liquid chromatography (LC) was performed using a Shimadzu Nexera system with an Inertsil Phenyl-3 column (4.6 × 150 mm, 100 Å, 5 μm; GL Sciences, Rolling Hills Estates, CA, United States) coupled to a quadrupole time-of-flight mass spectrometer (Q-TOF) (AB SCIEX, Triple TOF 5600) operated in information-dependent MS/MS acquisition mode. Samples were ordered randomly and multiple quality control samples were included. QC samples were generated by pooling 10 μL aliquots from hippocampi or cortical tissues or plasma samples extracts and analyzed along with the samples. Samples were run in the positive and negative ion mode. In case metabolites were present in both ion modes, the mode with the higher peak value was selected for further analysis. The column temperature was held at 50°C and the samples were kept at 10°C. Samples from the cortex and hippocampus were analyzed as raw data and also analyzed after normalization to tissue weight. The metabolomics data were processed using Markerview (SCIEX, Framingham, MA, United States) and Peakview (SCIEX, Framingham, MA, United States) software for integrated pathway and statistical analyses. Identification of metabolites was based on mass error (<30 ppm) and MS/MS fragment ions. Metabolites were also confirmed using retention time, mass-to-charge (m/z) ratio, and comparison to authentic standards (±1 min) from an in-house library (IROA Technologies, Bolton, MA, United States), allowing for the streamlined identification of metabolites. LipidMaps (Welcome Trus, United Kingdom), METLIN (Scripps, La Jolla, CA, United States) and HMDB (University of Alberta, Edmonton, AB, Canada) databases were used for MS and MS/MS matching. Metaboanalyst pathway analysis (Montreal, Quebec, Canada) was performed as described by Xia and Wishart (2010) and Kirkwood et al. (2013). Metabolite peak area values in the plasma, cortex, and hippocampus were analyzed, without log transformation or Pareto scaling. Four distinct comparative analyses were performed: (1) effects of radiation in rats without HU; (2) effects of Radiation in rats with HU; (3) effects of HU in sham-irradiated rats; and (4) effects of HU in irradiated rats. Pathways were visualized using scatter plots (testing significant features) in Metaboanalyst, with the “global test” and “relative-betweenness centrality” as parameters for enrichment method and topological analysis, respectively.



Statistical Analyses

For the cognitive and behavioral testing, all data are summarized as mean ± standard error of the mean (SEM). Behavioral and cognitive data were analyzing with SPSS v.25 software (IBM, Armonk, NY, United States). To analyze behavioral and cognitive performance after sham-irradiation or total body irradiation with a simplified 5-ion mixed beam exposure (0, 0.75, or 1.5 Gy), we performed analyses of variance (ANOVAs) with post hoc tests comparing to sham-irradiated animals when appropriate. To assess the role of microgravity, we performed ANOVAs including radiation (0 or 1.5 Gy) and HU condition (control or HU) as between group factors with repeated measures when appropriate. For some analyses, including comparing activity levels in the A and T trials when there was a radiation × test interaction, as indicated and appropriate, two-sided t-tests were used. For example, paired student t-tests were used to assess object preference in the object recognition test. We set statistical significance to p < 0.05. Greenhouse–Geisser corrections were used if sphericity was shown to be violated (Mauchly’s test).

Metabolomic profiles of plasma, hippocampus, and cortex were analyzed for the four comparisons described above. Of the three comparisons: (1) sham-radiation versus radiation (no HU); (2) HU versus no HU (no radiation); and (3) HU versus HU + radiation, we indicated pathways in red that were revealed in these three comparisons of plasma and the hippocampus and pathways in blue in which all three comparisons were revealed in one tissue (plasma or brain) and 2 of the 3 comparisons were revealed in the other tissue (plasma or brain). To identify potential plasma measures of radiation exposure or HU condition on behavioral or cognitive performance, we used regression analyses. We selected those metabolites that were most consistently included in the models (at least 10 times out of potentially 21 times). MetaboAnalyst software was used to generate impact plots. Graphs were generated using GraphPad software v.8.2.0 (La Jolla, CA, United States). As MetaboAnalyst is not ideal to analyze amino acid-related pathways, we analyzed them separately.



RESULTS


Performance in the Open Field Without and With Objects

When activity levels were analyzed for two subsequent days in the open field (Figure 2A), there was no main effect of radiation (Figure 2C) or HU, or a radiation × HU interaction (Figure 2D). However, sham-irradiated rats and rats irradiated with 1.5 Gy of the simGCRsim beams in the absence of HU showed spatial habituation learning and moved significantly less on day 2 than day 1 (Figure 2C). Rats irradiated with 0.75 Gy simGCRsim alone showed the same pattern as the sham-irradiated and 1.5 Gy exposed cohorts, but did not reach statistical significance (Figure 2C). Sham-irradiated HU rats did not show spatial habituation at all and showed similar activity levels on both days, while there was a modest amount of spatial habituation learning in rats that received both HU and 1.5 Gy of simGCRsim but this did not reach statistical significance (Figure 2D). Next, we assessed time spent in the more anxiety-provoking center of the open field. There was no main effect of radiation (Figure 2E) or HU, or a radiation × HU interaction (Figure 2F). However, there was a trend of rats irradiated with 1.5 Gy toward spending less time in the center on day 2 than day 1 (p = 0.07, Figure 2E). This pattern was not seen in sham-irradiated rats nor was it seen in rats irradiated with 0.75 Gy (Figure 2E) and sham-irradiated HU rats (Figure 2F) but was seen in rats that received both radiation and HU (p = 0.05, Figure 2F).
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FIGURE 2. Performance in the open field in the absence and presence of objects. (A) The rats were tested for exploratory behavior in the open field on two subsequent days. The trials lasts 5 min and were 24 h apart. To assess measure of anxiety, the percent time spent in the more anxiety-provoking center of the open field was assessed as well. (B) Activity in the open field in sham-irradiated and irradiated animals. There was no main effect of radiation. However, sham-irradiated rats and rats irradiated with 1.5 Gy, but not those irradiated with 0.75 Gy, showed spatial habituation learning and moved less on day 2 than day 1. *p < 0.05 versus D1. (C) Exploratory activity in the open field in sham-irradiated and irradiated animals in the absence and presence of HU. There was no effect of HU or a radiation × HU interaction. However, sham-irradiated HU rats did not show spatial habituation learning and showed similar activity levels on both days, while there was a trend toward spatial habituation learning in rats that received both HU and irradiation. *p < 0.05 versus D1, #p = 0.07 versus D1. (D) Measures of anxiety of sham-irradiated and irradiated animals in the open field. There was no main effect of radiation. However, there was a trend of rats irradiated with 1.5 Gy toward spending less time in the center on day 2 than day 1. #p = 0.07. (E) There was no effect of HU or a radiation × HU interaction but there was a trend of HU irradiated rats toward spending less time in the center of the open field in day 2 than day 1. *p = 0.05, #p = 0.07. (F) On the third day, the rats were tested in the open field containing objects. First they were habituated to objects in the open field for 5 min (H: habituation). After 5 min, they were tested in an open field containing two identical objects (A: acquisition). Sixty minutes later, they were tested in the open field containing one of the objects that was present in the acquisition test and one novel object. (G) Activity of sham-irradiated and irradiated animals in the open field containing objects. There was an effect of radiation [F(2,106) = 66.11, p < 0.0001] and a radiation × test interaction [F(6,106) = 2.606, p = 0.0214]. Activity levels were lower in the T than A trials in sham-irradiated animals and animals irradiated with 1.5 Gy. In contrast, in animals irradiated with 0.75 Gy, the activity levels in the A and T trials were comparable. (H) Activity of sham-irradiated and irradiated animals in the open field containing objects in the absence and presence of HU. There was a condition × test interaction [F(6,108) = 2.324, p = 0.0378]. Activity levels were lower in the T than A trials in sham-irradiated animals and animals irradiated with 1.5 Gy in the absence of HU, while sham-irradiated HU rats and irradiated HU rats showed comparable activity during the A and T trials. (I) Percent time spent in the center of sham-irradiated and irradiated animals. There was a radiation × trial interaction [F(4,84) = 3.935, p = 0.006]. Sham-irradiated animals and animals irradiated with 0.75 Gy spent a similar percent time in the center in the A and T trials. In contrast, animals irradiated with 1.5 Gy spent showed a trend toward spending less time in the center in the T than A trials. (J) Percent time spent in the center of sham-irradiated and irradiated animals in the absence and presence of HU. There was an effect of HU [F(2,108) = 6.214, p = 0.003] and a trend toward a trial × condition interaction [F(2,108) = 2.479, p = 0.089]. 0p = 0.003 versus non-HU groups. This interaction seemed driven by the sham-irradiated and irradiated HU rats pending less time in the center during the A and T trials than sham-irradiated and irradiated animals that had not received HU. OF, open field test; NO, novel object recognition test.


Next, the performance in the open field containing objects was assessed (Figure 2B). There was an effect of radiation [F(2,106) = 66.11, p < 0.0001] and a radiation × test interaction [F(6,106) = 2.606, p = 0.0214; Figure 2G). The activity was lower in the T than A trials in sham-irradiated animals (t = 2.095, p = 0.0484, 2-tailed) without HU and there was a trend toward the activity being lower in the T than A trials in rats irradiated with 1.5 Gy of simGCRsim alone (t = 1.948, p = 0.0774, 2-tailed). In contrast, in animals irradiated with 0.75 Gy only, the activity levels in the A and T trials were comparable [Figure 2G, (t = 1.093, p = 0.302, 2-tailed)]. When we assessed the effects of HU in the presence and absence of radiation, there was a condition × test interaction [F(6,108) = 2.324, p = 0.0378, Figure 2H]. While activity levels were lower in the T than A trials in sham-irradiated and irradiated non-HU rats as described above, activity levels were comparable during the A and T trials in sham-irradiated (t = 0.1006, p = 0.9217, 2-tailed) and irradiated (t = 0.2439, p = 0.8118, 2-tailed) HU rats showed.

When the percentage of time spent in the center in the presence of the objects during the H, A, and T trials was analyzed, there was a radiation × trial interaction [F(4,84) = 3.935, p = 0.006]. Sham-irradiated animals (t = 0.4093, p = 0.6875, 2-tailed) and animals irradiated with 0.75 Gy simGCRsim (t = 1.469, p = 0.1800, 2-tailed) spent a similar percent time in the center in the A and T trials, while animals irradiated with 1.5 Gy simGCRsim showed a trend toward less time in the center in the T than A trials [Figure 2I, (t = 1.906, p = 0.0931, 2-tailed)]. When the effect of HU in the absence and presence of radiation was assessed, there was an effect of HU [F(2,108) = 6.214, p = 0.003] and a trend toward a trial × condition interaction [F(2,108) = 2.479, p = 0.089; Figure 2J]. Next, we analyzed the percent time spent with the familiar and novel objects and calculated the discrimination index. There was no preference for exploring the novel object in any group or group difference in the discrimination index (Supplementary Figure 1). This result might be related to the fact that most animals spent little time in the center and some animals did not explore the objects at all in the T trial.



Depressive-Like Behavior in the Forced Swim Test

There was a trend toward an effect of radiation on depressive-like behavior, analyzed as percent immobility in the forced swim test [F(1,50) = 3.248, p = 0.078]. In rats without HU, those irradiated with 1.5 Gy simGCRsim spent more time immobile than sham-irradiated rats (p < 0.05, Figures 3A,B). There was a radiation × HU interaction [F(1,50) = 6.591, p = 0.013, Figure 3B]. Percent immobility was similar in rats that received only HU or HU and radiation exposure compared to that seen in sham-irradiated rats (Figure 3B). There was no additional effect of irradiation on depressive-like behavior in the HU rats as compared with the rats given HU only.
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FIGURE 3. (A) Depressive-like behavior of sham-irradiated and irradiated animals in the forced swim test. Rats irradiated with 1.5 Gy spent more time immobile than sham-irradiated rats. *p < 0.05 versus sham-irradiated rats. (B,C) Depressive-like behavior of sham-irradiated and irradiated animals in the absence and presence of HU in the forced swim test. There was a radiation × HU interaction [F(1,50) = 6.591, p = 0.013]. Percent immobility was similar in rats that received only HU or HU and radiation exposure to that seen in sham-irradiated rats.




Performance in the Operant Set-Shifting and Reversal Tests

There were no group differences in body weights before operant set-shifting and reversal testing (Supplementary Figure 2A). During visual cue learning (errors to criterion, Supplementary Figure 2B), and 24 h recall (Supplementary Figure 2C), there were no effects of radiation or HU. Similarly, there were no effects of radiation or HU during set shift errors (errors to criterion, Supplementary Figure 2D) or 24 h recall (Supplementary Figure 2E). Set shifting was not impaired in any group. There were no group differences in perseverative (Supplementary Figure 2F), regressive (Supplementary Figure 2G), or never reinforced errors (Supplementary Figure 2H). Reversal learning was also not different among the groups. There were no group differences in reversal errors (errors to criterion, Supplementary Figure 3A), perseverative (Supplementary Figure 3B), regressive reversal errors (Supplementary Figure 3C), in motivation to obtain food (Supplementary Figure 3D), in the number of sessions to criterion for single lever trainings (Supplementary Figure 4A), in the number of sessions to criterion for retract lever training (Supplementary Figure 4B), in the total number of pre-training sessions to reach criterion (Supplementary Figure 4C), or in cumulative active lever presses for the duration of the progressive ratio session (Supplementary Figure 5).



Metabolomics Analysis of Plasma, Hippocampus, and Cortex

Nine months following sham-irradiation of simGCRsim irradiation and 6 months after the behavioral and cognitive testing, sham-irradiated rats and rats exposed to 1.5 Gy, in the absence and presence of HU, were quickly killed using a guillotine without anesthesia to prevent effects of the anesthesia on the metabolomics results. There were no group differences in body weights prior to euthanasia (Supplementary Figure 6). To assess alterations in metabolic pathways, four distinct comparative analyses were performed: (1) effects of radiation in rats without HU; (2) effects of Radiation in rats with HU; (3) effects of HU in sham-irradiated rats; and (4) effects of HU in irradiated rats.

When effects of radiation were analyzed in plasma in the absence of HU, several pathways were revealed (Figure 4A), including glutamine and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, taurine and hypotaurine metabolism, and glycine, serine, and threonine metabolism. Of those pathways, the taurine and hypotaurine metabolism and phenylalanine pathways were also affected in the hippocampus (Figure 4B). The metabolome view figures contain all the matched pathways (the metabolome) arranged by p values (generated as part of the pathway enrichment analysis) on the Y-axis, and pathway impact values (generated as part of the pathway topology analysis) on the X-axis. The node color is based on its p value and the node radius is determined based on their pathway impact values.
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FIGURE 4. Metabolic pathways affected by radiation in the absence of HU in the plasma (A) and hippocampus (B). When effects of radiation were analyzed in plasma in the absence of HU, several pathways were revealed (A), including glutamine and glutamate metabolism, arginine biosynthesis, arginine and proline metabolism, taurine and hypotaurine metabolism, and glycine, serine, and threonine metabolism. Of those pathways, the taurine and hypotaurine metabolism and phenylalanine pathways were also affected in the hippocampus (B). The metabolome view figures contain all the matched pathways (the metabolome) arranged by p values (generated as part of the pathway enrichment analysis) on the Y-axis, and pathway impact values (generated as part of the pathway topology analysis) on the X-axis. The node color is based on its p value and the node radius is determined based on their pathway impact values.


When effects of radiation were analyzed in plasma in the presence of HU, the phenylalanine was affected (Figure 5A) and was also affected in the hippocampus (Figure 5B). In addition, in the presence of HU, the arginine pathway was affected in plasma and also affected in the hippocampus (Figure 5B) and cortex (Figure 5C). The taurine and hypotaurine pathway was affected in plasma (Figure 5A) and the hippocampus (Figure 5B).
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FIGURE 5. Metabolic pathways affected by radiation in the presence of HU in the plasma (A), hippocampus (B), and cortex (C). When effects of radiation were analyzed in plasma in the presence of HU, the phenylalanine was affected (A) and was also affected in the hippocampus (B). In the presence of HU, the arginine pathway was affected in plasma and also affected in the hippocampus (B) and cortex (C). The taurine and hypotaurine pathway was affected in plasma (A) and the hippocampus (B).


Next, effects of HU were analyzed in sham-irradiated animals. Of the pathways affected by HU in plasma (Figure 6A), several were also affected in the hippocampus (Figure 6B), including the starch and sucrose, phenylalanine, glutamine and glutamate, glutathione, histidine, arginine and proline, glycine, serine, and threonine, and taurine and hypotaurine pathways. The glycine, arginine, and phenylalanine pathway was affected by HU in the plasma (Figure 6A) and also affected in the cortex (Figure 6C).
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FIGURE 6. Metabolic pathways affected by HU in the plasma (A) and cortex (B) of sham-irradiated animals. Of the pathways affected by HU in plasma in sham-irradiated animals (A), several were also affected in the hippocampus (B), including the starch and sucrose, phenylalanine, glutamine and glutamate, glutathione, histidine, arginine and proline, glycine, serine, and threonine, and taurine, and hypotaurine pathways. The glycine, arginine, and phenylalanine pathway was affected by HU in the plasma (A) and also affected in the cortex (C).


Finally, we analyzed effects of HU in plasma of irradiated animals (Figure 7A). The effects of HU on metabolic pathways in plasma in irradiated animals (Figure 7A) were less pronounced compared to the effects of HU alone on metabolic pathways in plasma of sham-irradiated animals (Figure 6A). In addition, none of the pathways affected by HU in plasma of irradiated animals were affected in the hippocampus or cortex. In the hippocampus, there were no pathways affected by HU and in the cortex only the pyrimidine pathway was affected by HU (Figure 7B). The metabolites levels in the four groups in the affected pathways are illustrated in the plasma and cortex (Supplementary Figure 7) and hippocampus (Supplementary Figure 8).
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FIGURE 7. Metabolic pathways affected by HU in the plasma (A) and cortex (B) of irradiated animals. The effects of HU on metabolic pathways in plasma in irradiated animals (A) were less pronounced compared to the effects of HU alone on metabolic pathways in plasma of sham-irradiated animals (Figure 6A). None of the pathways affected by HU in plasma of irradiated animals were affected in the hippocampus or cortex. In the hippocampus, there were no pathways affected by HU and in the cortex only the pyrimidine pathway was affected by HU (B).


Based on three comparisons (1) sham-radiation versus radiation (no HU); (2) HU versus no HU (no radiation); and (3) HU versus radiation + HU, affected pathways were revealed in these three comparisons in plasma and the hippocampus (indicated in bold and red in Table 1). In addition, based on these three comparisons, pathways were revealed in one tissue (plasma or brain) and based on 2 of the 3 comparisons in the other tissue (plasma or brain) (indicated in bold and blue in Table 1).


TABLE 1. Pathways affected in plasma, hippocampus, and cortex based on three comparisons: (1) sham-radiation versus radiation (no HU); (2) Hindlimb unloading (HU) versus no HU (no radiation); and (3) HU versus radiation + HU, were revealed in these three comparisons1.

[image: Table 1]We identified 127 metabolites in the hippocampus. Radiation decreased metabolite levels overall. The main effect of radiation was significant for 33 metabolites (all higher with radiation) and the effect of radiation in rats without HU was significant for 10 metabolites (all lower with radiation). The effect of HU differed between un-radiated and irradiated rats. In sham-irradiated rats, the effect of HU was significant for 66 metabolites (all lower with HU). In irradiated rats, the effect of HU was significant for only 2 metabolites. Overall, the interaction between radiation and HU was significant for 50 metabolites. The lowest values were observed for HU sham-irradiated rats. For 33 metabolites, HU sham-irradiated rats had significantly lower values than each of the three other treatment groups.

We also identified 127 metabolites in the cortex. Compared to the hippocampus, the effects on metabolite levels in the cortex were small. The main effect of radiation was significant for 7 metabolites (4 higher with radiation) and the effect of radiation for rats without HU was significant for 9 metabolites (8 higher with radiation). The interaction between radiation and HU was significant for 20 metabolites compared with 7 metabolites for the main effect of radiation and 4 metabolites for the main effect of HU. Fourteen of the 20 significant metabolites were higher in sham-irradiated HU rats than the radiated HU rats or sham-irradiated rats without HU.

We identified 119 metabolites in the plasma. The effects in plasma were smaller than those in the hippocampus. The main effect of radiation was significant for 18 metabolites (8 higher with radiation) and the effect of radiation in rats without HU was significant for 41 metabolites (5 higher with radiation). The interaction between radiation and HU was significant for 37 metabolites compared with 18 metabolites for the main effect of radiation and 23 metabolites for the main effect of HU. For 10 metabolites, the sham-irradiated rats without HU had significantly different values than each of the three other treatment groups (7 higher and 3 lower in the sham-irradiated rats without HU).

To identify potential plasma measures of simGCRsim exposure or the HU condition on behavioral or cognitive performance, regression analyses were performed and those metabolites were that were most consistently included in the models (at least 10 times out of potentially 21 times) (Table 2).


TABLE 2. Relationship between behavioral measures and plasma metabolites revealed in at least 10 out of 21 comparisons1.

[image: Table 2]Activity in day 1 in the open field was positively related to plasma glucose 1-phosphate levels and negatively related to plasma histamine levels. Activity in the open field was positively related to uridine 5′-diphosphogalactose levels and negatively to 12-hydroxydodecanoic acid in the hippocampus and negatively related to pipecolic acid levels in the cortex.

Measures of anxiety in the open field (percent time spent in the center of the open field on day 1) were negatively related to plasma levels of cytidine and 4-acetamidobutanoate levels in plasma, inosine 5′-monophosphate and N(PAI)-methyl-L-histidine in the hippocampus, and hippurate, 2′-deoxyuridine 5′-monophosphate, and 2,6-diaminoheptanedioate in the cortex.

Depressive-like behavior in the forced swim test (percent immobility) was negatively related to 12-hydroxydodecanoic acid levels in the plasma, positively related to uridine and erucic acid in the hippocampus, and negatively related to malate and creatinine levels in the cortex.

Spatial habituation (the difference in activity levels between days 1 and 2 in the open field) was positively related to 4-acetamidobutanoate and negatively related to cytidine levels in the plasma, negatively related to deoxyuridine and erucic acid in the hippocampus, positively related to spermine levels in the cortex and negatively related to 2,6-diaminoheptanedioate in the cortex. The negative relationship between spatial habituation and plasma cytidine levels is illustrated in Supplementary Figure 9. As 4-acetamidobutanoate is the immediate acetylated metabolite of the inhibitory neurotransmitter gamma aminobutyric acid (GABA) and a product of arginine and proline metabolism (Wahli and Guillou, 2021), this suggests a role for GABA neurotransmission in hippocampus-dependent spatial habituation learning. Based on this results, we compared GABA, glutamate, and GABA/glutamate ratios in the plasma, hippocampus, and cortex. In plasma, glutamate levels and the GABA/glutamate ratio were lower in rats following only radiation, only HU, or radiation and HU than sham-irradiated rats while there were no group differences in GABA levels (Table 3). In the hippocampus, GABA and glutamate levels in rats following only radiation or only HU, but not following radiation and HU, were lower than those in sham-irradiated rats, without a change in the GABA/glutamate ratio (Table 3). In the cortex, GABA levels were higher in rats following only HU and lower in rats following radiation and HU compared to those in sham-irradiated rats (Table 3). These data suggest that plasma glutamate levels might be a valuable measure of response to radiation, HU, or radiation and HU and that the hippocampus and cortex are able to preserve the GABA/glutamate ratio following those challenges.


TABLE 3. Gamma aminobutyric acid (GABA), glutamate, and GABA/glutamate ratios in the plasma, hippocampus, and cortex.

[image: Table 3]A combined measure of anxiety and habituation (the difference in percent time spent in the center of the open field on days 1 and 2) was positively related to diethanolamine levels in the plasma, negatively related to 2′-deoxyuridine 5′-monophosphate in the hippocampus, and positively related to kynurenine and spermine levels in the cortex.

These data show that specific behavioral measures several months after exposure are associated with plasma levels of distinct metabolites measured at a later time point.



DISCUSSION

In this study, we characterized behavioral and cognitive performance of 9-month-old male WAG/Rij/Cmcr rats after sham-irradiation or total body irradiation with a simplified GCR simulator (simGCRsim) spectrum prescribed by NASA, in the absence and presence of HU. The simGCRsim beam set was designed to broadly represent the distribution of primary and secondary ions produced behind shielding in a spacecraft or habitat, which is where crew members will spend the majority of their time on extended exploratory class missions (Simonsen et al., 2020). Astronauts will be exposed to the galactic cosmic radiation throughout a mission along with other stressors, of which microgravity is one of the most important. Sham HU, but not irradiated HU, rats were impaired in spatial habituation learning. Rats irradiated with 1.5 Gy of simGCRsim showed increased depressive-like behaviors. This was seen in the absence but not presence of HU. Both spatial habituation learning and depressive-like behaviors are mission relevant outcome measures.

Hindlimb unloading has differential effects in sham-irradiated and irradiated animals. In rats without HU, some commonalities were found in the metabolomics analysis at the terminus of the present studies. Taurine and hypotaurine metabolism and phenylalanine pathways affected by radiation in plasma were also affected by radiation in the hippocampus. In rats with HU, phenylalanine pathways affected by radiation in plasma were also altered in the hippocampus. In sham-irradiated rats, starch and sucrose, phenylalanine, glutamine and glutamate, glutathione, histidine, arginine and proline, glycine, serine, and threonine, and taurine and hypotaurine pathways affected by HU in plasma also affected in the hippocampus. In addition, in sham-irradiated rats, glycine, arginine, and phenylalanine pathways affected by HU in plasma also affected in the cortex. These data show that phenylalanine, tyrosine, and tryptophan metabolism and phenylalanine metabolism and biosynthesis are very strong pathway changes revealed by the tissue comparisons. Arginine biosynthesis and taurine and hypotaurine metabolism are less strong pathway changes revealed by these comparisons. Thus, specific behavioral measures are associated with plasma levels of distinct metabolites 6 months after behavioral testing, suggesting that it will be possible to develop stable plasma measures of the radiation response, HU, and of behavioral performance. As 4-acetamidobutanoate is the immediate metabolite of GABA, the positive relationship between plasma 4-acetamidobutanoate levels and spatial habituation learning in the open field suggest a role of GABA neurotransmission in this hippocampus-dependent cognitive function. Consistent with this notion, GABA is important in olfactory memory (Boumghar et al., 2012) and synaptic plasticity in the hippocampus (Whissel et al., 2016). The direction of change following radiation might depend on the type of radiation, brain region, and measure of GABA function assessed. Cortical GABA levels are reduced following combined irradiation with gamma rays and 12C ions in Wistar rats (Kokhan et al., 2019), hypothalamic GABA levels are reduced following whole brain gamma irradiation while the GABA levels in the prefrontal cortex are not affected (Franco-Perez et al., 2020), but hippocampal GABA release is increased following proton irradiation (Lee et al., 2017).

The combined effects of HU and radiation on metabolic pathways in plasma and brain illustrates the complex interaction of environmental stressors and highlights the importance of assessing these interactions. Similar to what is seen in animals exposed to both radiation and traumatic brain injury (Allen et al., 2012, 2014), the time interval between the two environmental challenges might be important in modulating their interaction. It is conceivable that when given 5 days prior to radiation exposure as in the current study, HU might serve as preconditioning event triggering compensatory changes that might mediate some protection against a subsequent radiation challenge.

Compared to the cortex, metabolic pathways were in general more affected by radiation and HU in the hippocampus and plasma. Consistent with this pattern, while behavioral and cognitive measures that involve hippocampal function, like spatial habituation learning in the open field was affected by HU and depressive-like behavior in the forced swim test was affected by radiation, frontal-cortex-dependent operant tasks were not (muelbl et al., 2018). This does not mean that the cortex might not be affected by HU or radiation. In a blast model of traumatic brain injury, which causes bilateral damage in the medial prefrontal cortex, visual cue discrimination, but not set shifting or delayed matching to sample (mPFC-dependent tasks) were affected. Specifically, there were more errors during acquisition of a cue discrimination task and only subtle differences in cocaine-primed reinstatement 3, 4 months after blast injury (muelbl et al., 2018), although oxycodone seeking following self-administration was elevated in blast treated rats (Nawarawong et al., 2019). We recognize that a limitation of the current study design is that the whole cortex was processed for metabolomics. It is conceivable that anatomical specific effects of radiation and HU on metabolic pathways in cortical subregions might have contributed that in general more pathways were revealed to be affected in the hippocampus and cortex.

In the current study, plasma, hippocampal, and cortical tissues were analyzed 6 months after behavioral and cognitive testing 9 months after radiation and/or HU. The metabolic pathways affected by radiation and HU and the relationships between the behavioral and cognitive measures and individual metabolite levels in plasma, hippocampus, and cortex, suggest that it will be feasible to develop stable long-term biomarkers of the radiation response, response to HU, and of behavioral and cognitive performance. Several pathways affected by radiation or HU in plasma were also affected in hippocampus and/or cortex. These data suggest that analysis of peripheral measures might be used to reflect alterations in measures in brain. This does not mean that the measures in plasma and brain are necessarily the same one. The relationships of specific behavioral and cognitive measures with distinct metabolites in plasma, hippocampus, and cortex, illustrates the complexity involved. Nevertheless, these results are very encouraging and modulating the levels of those plasma metabolites might be a valuable approach to improve behavioral and cognitive function during and following space missions. We recognize that a limitation of the current study is that alterations in metabolic pathways in plasma were not assessed shortly after behavioral testing. Therefore, we do not know the time kinetics and stability of the pathway alterations revealed 6 months after behavioral testing. Future efforts are warranted to assess the time kinetics and stability of metabolic changes in plasma following behavioral testing after radiation and HU exposure.

The version of the object recognition test we used involves a trial in which animals are first habituated to objects prior to the acquisition testing (Aguilar et al., 2018). This habituation trial in included to enhance exploratory behavior with the objects during subsequent trials. However, a concern is that animals typically spent less time exploring objects in subsequent trials (Benice et al., 2006; Acevedo et al., 2007). The distance moved and time spent in the center of the open field that contained the objects during the habituation, acquisition, and test trials are consistent with this scenario. So, the inclusion of a habituation trial with objects might have contributed to a reduction in time that the animals spent exploring the objects in the acquisition and test trials. This in turn might have contributed to the lack of preference for exploring the novel object in any of the experimental groups. Although rats showed a robust preference in the object recognition test, using the same 3D printed objects, including the same colors, in Aguilar et al. (2018) study, the fact that rats do not see red might have contributed to the lack of a preference for the novel object in our study as well. The lack of a preference for exploring the novel object in sham-irradiated non-HU animals preclude from drawing conclusions on potential effects of HU and radiation on object recognition.

In sham-irradiated animals, HU had detrimental effects on hippocampus-dependent spatial habituation learning and affected metabolic pathways in plasma, hippocampus, and cortex as well. As HU did not affect prefrontal cortex-dependent cognitive testing, these data suggest that the hippocampus might be especially susceptible to effects of HU. These data are consistent with effects of simulated microgravity on metabolic pathways in the hippocampus (Sarkar et al., 2006) and detrimental effects of simulated microgravity on 3-dimensional visuospatial tuning and orientation of mice (Oman, 2007). As behavioral testing started 3 months following HU and plasma and brain tissues were analyzed 8 months following HU, these results indicate that HU has long-term effects on the brain. We recognize that detrimental effects of charged particle exposures involving single ions found in the GCR on prefrontal cortex-dependent operant conditioning have been reported (Britten et al., 2014; Rabin et al., 2014; Davis et al., 2015) and only a single dose of sequential mixed beam radiation was used to assess effects on operant conditioning in the current study. The age, strain, and sex of the animals, the radiation qualities of the radiation exposure(s), and the time interval between exposure and testing involved in a study may modulate the effects on measures of operant conditioning.

The interaction between simplified GCR exposure and HU appears to be complex and/or the effects of combined radiation and HU exposure attenuated compared with each environmental challenge alone. Although HU sham-irradiated animals showed impaired spatial habituation learning, there was a trend toward spatial habituation learning in animals following combined exposure to radiation and HU. Similarly, while increased depressive-like behavior was seen in irradiated mice it was not seen in animals following combined exposure to radiation and HU. Consistent with this patter, HU affected more metabolic pathways in plasma and brain of sham-irradiated than irradiated animals. Similarly, there was a directional reversal change in metabolite levels in animals following combined exposure to radiation and HU compared to metabolite levels in animals following exposure to only radiation or HU. Interestingly, enhanced dendritic spine formation following HU was reported in the sensorimotor cortex (Trinel et al., 2013) while simulated space radiation typically decreases dendritic spine formation in the hippocampus (Parihar and Limoli, 2013; Allen et al., 2015). We recognize that as we started the HU 5 days prior to the radiation exposure, the HU challenge might have served as a preconditioning challenge mitigating the effects of radiation. As HU continued 25 days after radiation exposure, it is also conceivable that the radiation exposure modulates the effects of HU following the radiation exposure. We recognize that astronauts will begin to experience the effects of microgravity prior to receiving the bulk of their GCR dose on any extended duration exploration class mission and that the GCR exposure will differ from the way it was administered herein. In space, the GCR exposure will be relative constant throughout the mission. This initial study involving WAG rats was performed to determine whether there were any interactive effects based on exposure to a simplified GCR spectrum delivered at once. Future efforts are warranted to determine whether the effects seen are limited to WAG rats or also seen in Fischer rats. The timing and duration of HU compared to the radiation exposure might be critical to consider in future studies. In analyzing the combined effects of traumatic brain injury and radiation, the sequence of the two challenges, time interval, seemed critical in determining the combined effect on the brain (Dicarlo et al., 2008; Allen et al., 2014; Dickstein et al., 2018).

In summary, the effects of HU and radiation on behavioral and cognitive performance and metabolic pathways in plasma and brain illustrate the complex interaction of environmental stressors pertinent to assessment and mitigation of risk to astronauts during and following space missions and highlights the importance of assessing these interactions. The metabolomics data suggest that it will be possible to develop stable plasma measures of the response to a simplified, simulated GCR exposure, HU, and to combined simGCRsim and HU exposure, and of behavioral and cognitive performance that could be used for developing and testing of mitigators. For acquiring converging evidence critical for CNS risk assessment during and following (deep) space missions, future efforts are warranted to assess the effects of HU and simulated space radiations in other strains.
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Reliable perception of self-motion and orientation requires the central nervous system (CNS) to adapt to changing environments, stimuli, and sensory organ function. The proposed computations required of neural systems for this adaptation process remain conceptual, limiting our understanding and ability to quantitatively predict adaptation and mitigate any resulting impairment prior to completing adaptation. Here, we have implemented a computational model of the internal calculations involved in the orientation perception system’s adaptation to changes in the magnitude of gravity. In summary, we propose that the CNS considers parallel, alternative hypotheses of the parameter of interest (in this case, the CNS’s internal estimate of the magnitude of gravity) and uses the associated sensory conflict signals (i.e., difference between sensory measurements and the expectation of them) to sequentially update the posterior probability of each hypothesis using Bayes rule. Over time, an updated central estimate of the internal magnitude of gravity emerges from the posterior probability distribution, which is then used to process sensory information and produce perceptions of self-motion and orientation. We have implemented these hypotheses in a computational model and performed various simulations to demonstrate quantitative model predictions of adaptation of the orientation perception system to changes in the magnitude of gravity, similar to those experienced by astronauts during space exploration missions. These model predictions serve as quantitative hypotheses to inspire future experimental assessments.
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INTRODUCTION

In everyday life, we must reliably perceive self-motion and orientation while being capable of adapting to novel stimuli, changing environments, or changes to peripheral sensory organs (e.g., from childhood development, aging, or injury). Here, we explore the computations that may be necessary to produce estimates of worldly parameters, when those parameters change (or even may be unknown to begin with). We specifically focus on how humans adapt their orientation perception systems during gravity transitions, such as those experienced by astronauts (Paloski et al., 2008). While our initial modeling implementation and simulations are specific to gravity transitions, the computational mechanisms proposed may be broadly applied to sensorimotor adaptation to various changing environments or peripheral sensory organ states.

Upon entering microgravity, astronauts visiting Low Earth Orbit initially experience space motion sickness (Lackner and Dizio, 2006) and disorientation (Paloski et al., 2008). With extended exposure, the brain reinterprets sensory information, adapting to the new environment, and impairment is reduced (Shelhamer, 2015). While all astronauts eventually adapt to the microgravity environment (Shelhamer, 2015) these adaptations produce sensorimotor impairment upon return to Earth. This includes postural (Wood et al., 2015) and locomotion deficits (Mulavara et al., 2018), misperceptions of spatial orientation (Clement and Wood, 2014), altered eye movements (Clement, 1998), manual control decrements (Merfeld, 1996), motion sickness (Lackner and Dizio, 2006; Reschke et al., 2018), and ataxia (Paloski et al., 1993). When returning to Earth, a ground support crew mitigates astronaut sensorimotor impairment operationally helping enable mission success/safety. However, sensorimotor impairment may have catastrophic impacts on future moon or Mars landings where astronauts may have a more active piloting role and will not have a ground support crew to assist after landing, at least initially (Clark, 2019).

The potential mechanisms of sensorimotor adaptation to altered gravity remain conceptual (Young et al., 1984; Parker et al., 1985; Merfeld, 2003; Clark, 2019), limiting our understanding and ability to predict and mitigate impairment. Specifically, it has often been suggested that changes in the physical environment, such as an astronaut exposed to a gravity transition, require a reinterpretation of sensory information (Young et al., 1984). Conceptually, it has been proposed that this occurs by considering “sensory conflict” (i.e., the difference between actual and expected sensory measurements) (Oman, 1998). If sensory conflict is large and sustained, the central nervous system (CNS) will reinterpret sensory information to reduce sensory conflict, thereby effectively adapt to the new environment (Oman, 1982). While this hypothesis is accepted to some degree, it remains conceptual. Specifically, the detailed computations required by neural systems have not been specified, preventing numerical implementation, and thus the theory cannot be rigorously tested. In fact, the lack of quantitative specificity often makes these types of conceptual hypotheses excessively flexible in their predictions.

Here, we have implemented a computational model for how the orientation perception system adapts to transitions in the magnitude of gravity. In summary, it hypothesizes that the CNS uses: (1) internal models of worldly and sensory physics to produce expected afferent measurements (i.e., transduction of actual orientation) and resultant sensory conflict signals; (2) parallel, alternative hypotheses for the internal magnitude of gravity, each of which produce a set of different sensory conflict signals; (3) Bayes rule for sequentially computing the posterior probability of each hypothesis based upon the likelihood of the overall sensory conflict observed; (4) a computed probability of each alternative hypothesis to yield an estimated internal magnitude of gravity, over time, which is then used to process sensory information and produce perceptions of passive self-motion and orientation. Within this paper, we do not consider the specific brain regions or the neurotransmitter/neural network implementations involved biologically, but instead focus on the potential cognitive computations that may be needed to adapt to altered sensorimotor states (environmental, peripheral organ state). Once implemented, we simulated the computational model to make quantitative predictions for how humans may adapt to various gravity transitions. While the exact neural mechanisms for sensorimotor adaptation to altered gravity remain difficult to identify experimentally, by implementing a computational model we can explore the types of computations necessary to enable such adaptation, as well as produce novel quantitative hypotheses to motivate future experimental investigation.



BACKGROUND AND EXISTING WORK

It has previously been hypothesized that to interpret sensory information and properly perceive spatial orientation here on Earth (Merfeld et al., 1999), the CNS uses internal models [neural systems that replicate the behavior/dynamics of physical systems (Von Holst and Mittelstaedt, 1950; Reason, 1978; Mittelstaedt, 1983; Merfeld et al., 1999; Tin and Poon, 2005)]. This hypothesis has been formalized into computational models, such as the “observer” model, for spatial orientation (Merfeld et al., 1993b; Merfeld and Zupan, 2002; Zupan et al., 2002; Clark et al., 2019). In the observer framework (Luenburger, 1971), actual orientation, produced from body/world dynamics, is transduced by noisy sensors with dynamics [e.g., semicircular canals have high-pass filter dynamic characteristics in which low frequency rotations are not transduced well (Goldberg and Fernandez, 1971)] to yield sensory afference (measurements). Internal models of body/world dynamics and the sensory dynamics produce an expected afference (Merfeld et al., 1993a). This is compared to the actual sensory afference to yield “sensory conflict” (Oman, 1982). In estimation theory, this difference between actual and expected measurements is known as the “innovation” (Kalman, 1960; Kalman and Bucy, 1961). Neural populations in the vestibular nuclei (Roy and Cullen, 2004; Jamali et al., 2009) and in the cerebellum (Brooks and Cullen, 2009, 2013) behave similar to that expected of this sensory conflict signal, supporting this model formulation (Oman and Cullen, 2014). Within observer, sensory conflicts are weighted to drive central estimates of orientation perception (Merfeld et al., 1993a; Clark et al., 2019). In a Kalman filter (Kalman, 1960; Kalman and Bucy, 1961), the innovation is multiplied by the Kalman gain to update state estimates (Karmali and Merfeld, 2012; Selva and Oman, 2012). As shown in Figure 1, the observer model has been formalized for vestibular processing (Merfeld et al., 1993b), as well as visual-vestibular interaction (Newman, 2009; Clark et al., 2019) (not further considered here). Inputs of angular velocity (ω) and linear acceleration (a) stimulate the otoliths (OTO) and semicircular canals (SCC) producing sensory measurements (αOTO and αSCC), which are compared to expectations to yield sensory conflict signals (ea, ef, eω). The weights (Ka, Kfω, Kωf, Kω) are free parameters which have been previously defined, yielding perceptions of linear acceleration ([image: image]), gravity ([image: image]) (i.e., tilt), and angular velocity ([image: image]). Notably, the model has been well-validated by using a range of motion paradigms in 1 Earth g (Clark et al., 2019) to predict self-orientation and motion perceptions measured experimentally.


[image: image]

FIGURE 1. Vestibular portion of the observer model. The model input is a time history of physical self-motion (linear acceleration a, angular velocity ω, gravity g) and predicts dynamic spatial orientation perception ([image: image], [image: image], [image: image], where the “hat” indicates a perception) driven by sensory conflict cues (ea, ef, eω) resulting from comparisons of incoming afferent signals (αOTO, αSCC) to the expectation (Merfeld et al., 1993a; Clark et al., 2019). Bold denotes a 3D vector.


However, sensory information [e.g., from the otoliths (Fernandez and Goldberg, 1976)] is altered following a gravity transition (Clark et al., 2015b; Galvan-Garza et al., 2018), making the internal models inappropriate (Clark et al., 2015c). This results in misperceptions of orientation (Clement et al., 2007; Clement and Wood, 2012; de Winkel et al., 2012) and large, sustained sensory conflict. Sensory conflict is thought to drive a reinterpretation of internal models (Brooks et al., 2015; Carriot et al., 2015), reducing misperceptions. Yet, to date, this conceptual hypothesis has not been formalized into a computational model. Notably, the computations performed by the CNS necessary to update the internal models using the sensory conflict signals remain undefined.

Here, we leverage the well-validated observer model for vestibular processing and spatial orientation perception (Merfeld et al., 1993a; Clark et al., 2019) as the basis of our computational model for adaptation to gravity transitions. While the observer model has been used to predict orientation perception in altered gravity environments (Clark et al., 2011, 2015c; Vincent et al., 2016; Clark and Young, 2017), here we extend this base model to consider adaptation to gravity transitions. Specifically, multiple observer models are processed in parallel, each with a different alternative hypothesis for the internally estimated magnitude of gravity. With the same incoming sensory information (e.g., from the otoliths) this produces different alternative sensory conflict signals. Conceptually, the smallest overall sensory conflict will tend to be produced by the alternative hypothesis for the internally estimated magnitude of gravity which is closest to the actual magnitude of gravity following a transition. These computations enable the CNS to identify changes in the actual magnitude of gravity and update internal models accordingly based only upon processing sensory information.



SUMMARY OF PROPOSED THEORY

While the implementation example presented in the subsequent sections applies to CNS estimation of the magnitude of gravity, the basic theory we propose can be applied generally to any aspect of sensorimotor adaptation using a human orientation perception model that utilizes the concept of sensory conflict. While we use the observer model in our preliminary implementation, the procedure only necessitates a metric of sensory conflict to drive the adaptation process. We posit that the CNS strives to minimize the amount of sensory conflict experienced by sequentially updating its estimate of the parameter of interest.

To determine what value of a given parameter will minimize sensory conflict, we assert the CNS evaluates alternative hypotheses for the value of that parameter. Determining the sensory conflict that would be achieved with different parameter values requires multiple, parallel versions of the sensory processing, each with their own value of the parameter. Each of these parallel alternatives is simulated with the incoming sensory measurements, but due to the different parameter values, each will produce different expected sensory measurements and thus different sensory conflict signals. Conceptually, the parallel, alternative hypothesis with the parameter estimate that best matches the current, actual parameter level will tend to yield the lowest sensory conflict, limited by sensory noise.

For parameters that relate to multiple sensory conflict signals, such as how accelerations and rotations are required for the CNS to determine an accurate perception of gravity, we propose that the CNS weights and normalizes disparate conflicts by the typical reliability of the sensory signals (e.g., biological noise, observability of perceptual state) in order to produce a unidimensional metric of conflict for a given alternative hypothesis. With this statistic, we hypothesize that the CNS uses mechanisms akin to Bayes rule to compute the posterior probability of each hypothesis based on the likelihood of the overall conflict observed, given new sensory measurements over time.

A central estimate of the parameter of interest is computed based on the probability distribution of the hypotheses’ posteriors. We suggest the CNS uses this “best estimate” to process sensory information through a central internal model responsible for producing perceptions of self-motion and orientation that are used for sensorimotor action. Taken all together, we theorize the necessary types of cognitive-based Computations for Orientation and Motion Perception in Altered Sensorimotor States (COMPASS) related to physical environmental factors and peripheral sensory changes.



COMPUTATIONAL IMPLEMENTATION

To demonstrate the viability of this theory, we developed a computational model of vestibular adaptation to gravitational transitions. In the preliminary implementation of the overall model, m observer models are run in parallel, each incorporating an alternate hypothesis, Hj, of the internal estimate of the magnitude of gravity, [image: image], that leads to distinct sensory conflict (Figure 2). As seen in Figure 1, there are three sensory conflict signals (ea, ef, eω), each of which is three-dimensional and vary in units. To combine these disparate, multi-dimensional signals into a single, useful metric of sensory conflict for each hypothesis, we use a statistic from adaptive estimation theory called Normalized Innovation Squared (NIS) (Bar-Shalom et al., 2001; Chen et al., 2018):


[image: image]

FIGURE 2. COMPASS model framework. External dynamics are inputted into m parallel observer models, each incorporating an alternative hypothesis for the magnitude of gravity, |[image: image]|. Differences between expected and actual sensory afferent signals in each observer generate sensory conflict, allowing for Bayesian posterior probability updates for each gravity hypothesis after being weighted and normalized by the Normalized Innovation Squared (NIS) function. A central estimate is derived from the posterior probability distribution and is inputted into a final Central Observer Model, yielding perceptual estimates of [image: image],[image: image], and [image: image].


[image: image]

where [image: image], j is the alternative hypothesis, and k is the time step.

The NIS stochastic objective function characterizes the performance of estimation filters when only sensor data (e.g., otolith and SCC afferents) are available, which represents the CNS learning worldly parameters without (subconscious) access to the ground truth. This is achieved by weighting each sensory conflict signal by its reliability, which in this case, is related to the inverse of the estimated biological noise covariance ([image: image]). In this way, larger sensory conflict errors in signals that are generally well perceived (e.g., low noise, observable) contribute to higher overall values of the NIS statistic, indicative of worse estimation performance. This is reasonable when the primary source of sensory conflict is measurement noise. However, in our simulations sensory conflict is also very much due to the passive motion being experienced (even prior to any gravity transition). Thus, we incorporate a scaling factor Ks to the S matrix (see Supplementary Table 1). This can be thought of as related to the magnitude of “process noise” from passive motions, as well as multi-state contributions to a measurement. For simplicity, the errors in this implementation are treated as uncorrelated, such that the S matrix is diagonal; however, in principle correlations in sensory conflicts could be accounted for with off-diagonal elements being non-zero. While it modulates the adaptation rate, Ks is held constant in all of our simulations and is a free parameter to be defined with future experimental evidence that quantify empirical rates of adaptation. Therefore, the example simulations presented here do not specify values of Time on the x-axes. The scaling on time depends upon several meaningful factors that we explore below, but also on computational assumptions like the granularity of alternative hypotheses, the time step for numerical integration, and whether the orientation perception model vs. the update to the internal magnitude of gravity happen with the same synchronous time steps.

Once the unidimensional, unitless NIS statistic is computed for a given hypothesis, Hj, a likelihood for the magnitude of gravity can be produced. Mathematically, under linear-Gaussian assumptions, it is given by the measurement likelihood:

[image: image]

where N[[image: image]; 0; S] is a Gaussian probability distribution function with a mean of 0 and variance S, evaluated at [image: image] (the measurement error for alternative hypothesis j at time point k), and n is the length of [image: image], in this case involving three sensory conflict signals. Conceptually, the measurement error should be normally distributed with variance S. Thus, the probability that a specific error is observed is the probability at that location on the normal distribution, which is a function of the corresponding NIS for the error.

Likelihood calculations are performed for each of the m discrete, alternate hypotheses. The posterior probability of each gravity hypothesis is then computed using Bayes rule:

[image: image]

Where the prior for each hypothesis, p(Hj), at time step k is the posterior from the previous time step, p(Hj | yk−1). Again, in our model, each Hj is an alternative internal magnitude of gravity (e.g., H1: [image: image] = 1.0 g) and y is the sensory measurement (e.g., from the otoliths and semicircular canals). p(yk) is the marginal likelihood that the measurement y was observed. With a finite number (m) of alternative hypotheses, the marginal likelihood can be computed as:

[image: image]

Finally, using the probability distribution of the alternative hypotheses, a central estimate of [image: image] is calculated. For preliminary implementation, a Minimum Mean Squared Error (MMSE) estimator is used as the central estimator and is calculated as follows:

[image: image]

The MMSE estimate acts as the [image: image] value in a final (m+1), Central Observer model, while the m original observer models maintain their hypothesized [image: image] values in each time step. The Central Observer Model represents the CNS’s currently “accepted” internal model, and generates the estimates of percepts [image: image], [image: image], and [image: image] at each time step. Within this, we have included a recent published enhancement to the observer model (Clark et al., 2015c) which incorporates differential weighting of the otolith stimulation in the utricular plane vs. perpendicular to it (i.e., primarily stimulating the saccule). This enhancement allows for the model to properly predict overestimation of roll tilt in hyper-gravity (and underestimation in hypo-gravity), which is pertinent to the gravity transitions being simulated.



EXAMPLE SIMULATIONS OF THE IMPLEMENTED COMPUTATIONAL MODEL

Using the computational implementation methods described above, we simulated vestibular adaptation to discrete gravitational transitions during various passive motion profiles. Each simulation results in a posterior probability distribution for the alternative hypotheses, an MMSE estimate, and associated predicted perceptions (Figure 3) over time. Again, note that the units of time are arbitrary until experimental evidence better defines time constants, and thus are not shown in the results. While holding all model parameters constant, the adaptation rate is dependent on the actual gravity profiles (Figure 4), motion profiles (Figure 5), and the distribution of prior probabilities produced by previous gravity transitions at the time point of a subsequent gravity transition (Figure 6). Notably, the model accurately adapts to the appropriate gravity magnitude over time in each case, despite no direct knowledge of the values of worldly parameters.
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FIGURE 3. Adaptation to gravity transition with associated expected tilt, acceleration, and angular velocity perceptions. (A) The motion profile utilized in this simulation was a sinusoidal, head-centered roll-tilt at 30° amplitude and 0.25 Hz frequency. Following a shift in gravity from 1 to 0.5 g (gray dashed line in A), the posterior probability distribution shifts, and the central estimator adjusts to the new gravity level over time (red dashed line). This adaptation process is driven by sensory conflict signals for each alternative hypothesis for the internal magnitude of gravity (not shown here, but see Supplementary Figure 1). At time points T1, T2, T3, and T4, (B–E) show the Central Observer Model-predicted perceived (red) vs. true (black) (B) tilt, (C) linear acceleration (y component), (D) linear acceleration (z component), and (E) angular velocity (x component, as the others are essentially zero). While at T1, prior to the gravity transition, motion is accurately perceived. Misperception occurs at times T2 and T3 (albeit, less misperception) while the model is undergoing the adaptation process. By T4, when the adaptation is complete, motion is accurately perceived in 0.5 g.



[image: image]

FIGURE 4. Example simulations of hypo- and hyper- gravity adaptation scenarios. (A) Shows an adaptation to 0.5 g, (B) shows adaptation to 0.2 g, and (C) shows adaptation to 1.5 g. Simulation results suggest that adaptation to hyper-gravity (1.5 g) from 1 g may take longer than adaptation to hypo-gravity (0.5 g, 0.2 g). Each simulation was completed using a sinusoidal roll-tilt (30°, 0.25 Hz) motion profile.



[image: image]

FIGURE 5. The effect of various passive motion profiles on gravity adaptation. (A,B) Passive roll-tilt, (C) translation, and (D) upright yaw rotation motion profiles were simulated, predicting that varying frequencies and magnitudes of upright yaw and lateral translation yield no effect on the gravity adaptation process, while higher frequency and higher amplitude roll-tilt motion profiles speed up the adaptation process.



[image: image]

FIGURE 6. Direct adaptation vs. learned adaptation scenarios. (A) Direction adaptation from 1.2 to 0.5 g. (B) Learned adaptation using oscillating “training” gravitational levels to create a wider probability distribution leading to a final gravity level of 0.5 g. (C) A closer look at the white highlighted regions in (A,B), shows their relative adaptation rates to 0.5 g. While the learned adaptation scenario begins adapting first, the direct adaptation converges to 0.5 g faster. Inputted motion profiles were sinusoidal, head-centered roll-tilt (amplitude, 30°; frequency, 0.25 Hz).


In Figure 3A, the adaptation from 1 to 0.5 g is shown, in response to an inputted sinusoidal, head-centered roll-tilt passive motion profile (amplitude, 30°; frequency, 0.25 Hz). This simple gravitational adaptation scenario demonstrates the shift in the posterior probability distribution over time, as well as the progression of the MMSE estimate that the Central Observer Model uses to produce orientation perception estimations. See Supplementary Figure 1 for how the sensory conflict signals respond under several of the parallel, alternative hypotheses, before and after the gravity transition, driving the model’s adaptation in the process. Figure 3B shows the perceived vs. the true motion profiles at four time epochs in the adaptation process. The model results suggest that misperceptions of orientation occur in the period after the gravitational shift, and before full adaptation to the new gravity level (time points T2 and T3, respectively). Future empirical studies could quantify spatial orientation perception using psychophysical tasks during gravity transitions, which would enable validation or falsification of these model predictions.

Figure 4 demonstrates predictions for three different gravitational transitions: 1–0.5 g, 1 –0.2 g, and 1–1.5 g, indicating the model’s ability to adapt to both hypo- and hyper- g scenarios. Each simulation was conducted with an inputted sinusoidal, head-centered roll-tilt motion profile (amplitude, 30°; frequency, 0.25 Hz). These simulations suggest that adaptation rates depend on the gravity level to which the body is transitioning, with larger hypo-g transitions leading to faster adaptation (1–0.2 g vs. 1–0.5 g) and hyper-g transitions requiring more time for full adaptation (1–1.5 g vs. 1–0.5 g). While these are just examples, see the “Discussion” section for an elaboration on the g-levels chosen for these simulations.

The inputted motion profile is also predicted to play a role in the model’s adaptation rate. Figure 5 shows the effects of various passive motion profiles, each with a gravitational transition from 1 to 0.5 g. More dynamic (i.e., higher amplitude or higher frequency) sinusoidal, head-centered roll-tilt profiles appear to adapt faster than less dynamic profiles, and any roll-tilt motion leads to faster adaptation relative to no motion at all (Figures 5A,B). However, the model predicts that varying amplitudes and magnitudes of lateral translation (Figure 5C) and upright yaw rotation (Figure 5D)—in which the CNS is receiving either otolith or semicircular canal cues that do not change orientation relative to gravity—do not have a substantial effect on adaptation rates.

Additionally, the distribution of prior probabilities influences the model’s adaptation rates. In Figures 6A,B, adaptation to 0.5 g is shown in two scenarios: a direct adaptation between gravity levels and learned adaptation following a series of gravitational transitions. The learned adaptation scenario results in a wider gravitational probability distribution, leading to a faster adaptation initialization, but a slower convergence to the true gravity level relative to the direct adaptation profile (Figure 6B).

Finally, Figure 7 shows the effect of noise power on simulation results. Noise power is defined as the height of the power spectral density of the white noise added to the system and may be thought of as an individual with more or less noisy vestibular sensors. More noise leads to a slower adaptation initialization. However, final convergence to the true gravity level does not follow the same trend. Note that a noise power of 1E-8 was used for the simulations in Figures 3–6. See the “Discussion” section for elaboration on the implications of differing noise levels.
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FIGURE 7. Effects of noise power on adaptation rates. Noise is added to the incoming measurements at various power levels. Higher noise powers result in slower adaptation initialization, though not necessarily slower convergence to the exact g-level. Inputted passive motion profiles were sinusoidal, head-centered roll-tilt (amplitude, 15°; frequency, 0.125 Hz).


Several assumptions were made while completing these simulations. First, twenty discrete alternative hypotheses ranging from 0.1 to 2.0 g (in steps of 0.1 g) were considered at each time step and remain unchanged through the simulations. Changes to the number of hypotheses or the hypotheses themselves are possible, but not shown (see section “Discussion”). Within these hypotheses, we implemented a probability “floor” to avoid any alternative effectively reaching zero probability, from which no evidence could build future support using Bayes rule (see Supplementary Table 1). Second, each of the gravity transitions were assumed instantaneous. Finally, for simplicity the model assumes no active motion or sensory input other than vestibular cues.



DISCUSSION


Summary of Results and Contributions

To summarize, here we have proposed and implemented a computational model for how the CNS adapts to transitions in the magnitude of gravity, in terms of passive self-motion and orientation perceptual processing. Specifically, the model posits that the CNS uses alternative, parallel hypotheses for internal estimates of parameters of interest (here the internal estimate of the magnitude of gravity). Building upon the “observer” model framework, the “sensory conflict” signals (i.e., difference between sensory measurements and those expected by the CNS) for each alternative hypothesis were computed. Conceptually, the alternative hypothesis for which the internal magnitude of gravity is closest to the actual gravity magnitude will tend to produce the least sensory conflict, limited by sensory noise. Computationally, the multiple sensory conflict signals (ea, ef, eω), each of which are three dimensional, were combined and normalized using the NIS statistic to yield a unidimensional metric. The likelihood of the error corresponding to each NIS value for each alternative hypothesis was calculated and used in Bayes rule to sequentially update the posterior probability of each alternative hypothesis being true. The final Central Observer Model representing the CNS’s accepted internal state parameters was estimated with an MMSE estimate across alternative hypotheses. Through a series of computations such as these proposed, it is possible for the CNS to adapt to changes in the magnitude of gravity. While alternatives (e.g., using a Kalman filter model, avoiding Bayes rule) are plausible, to our knowledge this is the first implementation capable of capturing adaptation of the spatial orientation system to altered gravity.

In order to demonstrate the model’s functionality and produce quantitative predictions, we implemented and then simulated the model with various scenarios. This implementation makes some important quantitative predictions, which are summarized here. Future experimental work will need to be performed in order to validate (or invalidate) the model predictions. In each case, the internal magnitude of gravity predicted by the model presumably cannot be directly measured empirically. Instead, perceptions of motion (e.g., tilt perception) can be assessed using psychophysical tasks (Clark et al., 2015b; Clark and Young, 2017; Galvan-Garza et al., 2018), during and following gravity transitions, in order to validate model predictions. Transitions to hyper-gravity (Schone, 1964; Clark et al., 2015a,b) can be performed using human-rated centrifuges. Alternative gravitational analogs such as parabolic flights (Clark and Young, 2017; Meskers et al., 2021), a supine centrifuge “hypo-gravity” paradigm (Galvan-Garza et al., 2018), or the Wheelchair Head Immobilization Paradigm (Dixon and Clark, 2020) (single-plane micro-gravity analog) could also be utilized to explore various aspects of the model’s predictions. Conceptually, the model predicts overestimation of tilt when the internal magnitude of gravity is too low (e.g., transitioning to hyper-gravity) and underestimation when it is too high. Tilt perception can be assessed using common psychophysical tasks, such as subjective visual vertical (SVV).

Most importantly, simulations show the model is capable of adapting to various altered gravity environments (e.g., 0.5, 0.2, or 1.5 g in Figure 4). This is accomplished despite the model (and the CNS) having no direct knowledge or input of the actual magnitude of gravity. Instead, the sensory measurements (from the otoliths and semicircular canals) are processed with the alternative hypotheses of the internal magnitude of gravity using parallel observer models to produce sensory conflict signals. Those which produce the least sensory conflict have the highest likelihood probability and using Bayes rule sequentially increases the posterior probabilities of the alternative hypothesis that are closest to the actual magnitude of gravity.


Time Course of Adaptation

Notably, this adaptation process does not occur instantaneously. In fact, immediately following a gravity transition the internal best estimate of the magnitude of gravity is unchanged, which results in misperceptions of orientation (as observed empirically; Clement and Wood, 2014; Clark et al., 2015b; Clark and Young, 2017). Only after evidence (in the form of sensory measurements producing sensory conflicts) has accumulated does the internal magnitude of gravity begin to change, slowly transitioning toward the actual gravity level and eventually converging. As seen in Figure 3, this transition follows a sigmoidal-shaped pattern over time, due to the probability distribution at the instant of the gravity transition being tightly centered about the previous magnitude of gravity. Initially there is only a very slow change in the best estimate of the internal magnitude of gravity, but over time (T3 in Figure 3) a bimodal distribution is produced with peaks near the previous actual magnitude (due to prior probabilities) and the new one (due to accumulating evidence updating the posterior probability). Once this second peak in the distribution has developed, then rather quickly the probability of the new magnitude of gravity becomes dominant and the best estimate of the internal magnitude of gravity converges to the new value.

How quickly this transition occurs, the model predicts, depends upon several factors. First, it predicts that adaptation occurs more quickly for larger gravity transitions (e.g., 1–0.2 g in Figure 4B is faster than 1–0.5 g in Figure 4A). At first this seems counterintuitive, since conceptually a larger gravity transition might require “more” adaptation. In contrast, in the model a larger gravity transition produces sensory measurements that are less consistent with the original magnitude of gravity (e.g., measurements after transitioning to 0.2 g are highly inconsistent with the alternative hypothesis of the magnitude of gravity still being 1 g, while transitioning to 0.5 g produces less inconsistent sensory measurements). This larger sensory conflict associated with the larger gravity transition drives adaptation more quickly. This may have implications for clinical conditions with more gradual changes (e.g., acoustic neuromas) vs. more rapid (e.g., labyrinthitis). Further, the model predicts that an adaptation to 1.5 g occurs more slowly than 1–0.5 g (Figures 4A,C), despite the equal magnitude in the change in gravity. We should note that this asymmetry in adapting to hyper-gravity vs. hypo-gravity is dependent upon the roll tilt profile experienced during the adaptation period. If the simulations are performed with no physical motion (simulations not shown), then the adaptation process is essentially symmetric. To our knowledge, these predictions have not been experimentally tested in a manner that could validate or invalidate them. We suggest a key benefit of implementing a computational model is to discover specific (potentially counterintuitive) quantitative predictions not yet hypothesized, to inform future experiments.

Next, we found the model predicts the rate of adaptation is dependent upon the motions experienced during and following the gravity transition. Specifically, larger and higher frequency tilt motions drive faster adaptation (Figures 5A,B). This prediction seems intuitive, and at least anecdotally has been observed by astronauts transitioning back to Earth gravity, who report that making head tilts helps adaptation more quickly than holding the head stable (Reschke and Clement, 2018). Within the model, this can be thought of as greater amplitude and higher frequency tilts increasing the signal (for constant sensory noise), making the gravity transition produce more obvious sensory evidence supporting a change in the internal magnitude of gravity. It should be mentioned that when making larger, higher frequency (i.e., faster) head tilts, the model predicts (as has been observed; Reschke and Clement, 2018) greater misperception of spatial orientation. Thus, large, rapid head tilts may expedite adaptation, but the model would suggest this should be done with caution to avoid misperceptions and sensorimotor impairment at critical mission phases, such as during planetary landings where manual control may be required. Interestingly, when the motion during a gravity transition is exclusively either lateral translation (Figure 5C) or upright yaw rotation (Figure 5D) (i.e., no tilt relative to gravity), the model predicts that adaptation will eventually occur, but that there is a negligible effect of the magnitude or frequency of these types of motions, compared to experiencing no motion. In the model, this is due to the fact that these non-tilt motions—where the otolith and semicircular canal cues are uninformative regarding the magnitude of gravity—produce no additional informative sensory conflict to update posterior probability and drive adaptation. Again, we are unaware of experimental evidence testing this, but the very specific quantitative predictions encourage such empirical assessment.

In Figure 6, we compared adaptation rates for the same transition (using the same motion stimuli), but in one case the transition was preceded by a series of other gravity transitions (learned adaptation). The effect of these earlier gravity transitions was a larger spread in the prior probability distribution across a wider range of alternative hypotheses for the internal magnitude of gravity. Essentially, the repeated gravity transitions produced less internal certainty in the gravity magnitude. This had an interesting effect on the final gravity transition, in which adaptation was initiated faster, but then took longer to converge upon the actual magnitude of gravity post-transition. This is an interesting prediction in the context of the concept of “learning to learn,” in which recent adaptations have been observed to enable faster subsequent adaptations, even to novel transitions (Roller et al., 2001, 2009; Seidler, 2004; Batson et al., 2011). While there is empirical evidence of “learning to learn” benefits specific to adapting to novel gravity transitions (Clark et al., 2015a), future studies should aim to quantify the early vs. late adaptation rates (as opposed to just overall) given these interesting model predictions. In particular, the model and experiments could explore whether previous adaptation to hyper-gravity, for example, benefit subsequent adaptation to hypo-gravity.

Finally, we considered a series of simulations of a simple gravity transition, but in which the sensory noise varied (Figure 7). Vestibular perceptual thresholds are thought to primarily be a measure of vestibular sensory noise, such that an individual with higher sensory noise will have higher thresholds (Nouri and Karmali, 2018; Diaz-Artiles and Karmali, 2021). Furthermore, vestibular perceptual thresholds vary dramatically as a function of aging (Bermudez Rey et al., 2016; Karmali et al., 2017), as well as between individuals of the same age (Grabherr et al., 2008; Valko et al., 2012; Lim et al., 2017; Suri and Clark, 2020). Similarly, there are substantial inter-individual differences in capacity to adaptat to altered gravity (Seidler et al., 2015). It has previously been suggested that vestibular sensory noise may be a limiting factor for sensorimotor adaptation (Clark and Merfeld, 2017), and this model prediction supports the idea that individuals with greater vestibular sensory noise may be slower to adapt to gravity transitions. Excitingly, there is some evidence that through extensive training, an individual may improve their innate vestibular perceptual thresholds (Klaus et al., 2020), though whether that would in turn improve their capacity to adapt to altered gravity remains untested.

As noted, many of these quantitative model predictions have not previously been tested empirically, so it is difficult to assess the validity of the model. However, the major predictions of this model implementation are consistent with existing data: the CNS eventually adapts to any gravity transition without any explicit knowledge of the actual magnitude of gravity. Further, this adaptation can be expedited through large amplitude, higher frequency (i.e., faster) head tilts. The remaining model predictions remain to be validated, but critically our simulations here provide novel quantitative hypotheses to motivate future experimental investigation. To date, this is the first model to be implemented for the computations that may be required by the CNS to adapt the orientation perception system to gravity transitions.



Limitations and Future Work

In our simulations, we have focused on gravity transitions between 1 g, hypo-gravity (e.g., 0.5 g) and hyper-gravity (e.g., 1.5 g). Notably, we have not included any simulations to or from microgravity (i.e., 0 g), such as astronauts experience during missions to the ISS or in transit to the moon or in the future to Mars. We suggest that the adaptation to 0 g is somewhat unique and may involve the CNS making more than just an adjustment to the internal magnitude of gravity (Clark, 2019). For example, it has been hypothesized that long duration microgravity exposure causes the CNS to reinterpret all otolith stimulation as being due to translation (as opposed to tilts) (Young et al., 1984; Parker et al., 1985), or that an internal model for how rotational cues influence tilt perception degrades (Merfeld, 2003). These conceptual hypotheses may be captured in our computational model by expanding the set of alternative hypotheses to include not just various values for the internal magnitude of gravity, but also allow for different values for other parameters within each parallel observer model. In this case, the same computations of computing sensory conflict signals, collapsing to a unidimensional measure using NIS, calculating the error likelihood, and sequentially applying Bayes rule could all be applied, as we have already implemented.

Closely related to this limitation is that in our implementation we only assumed a fixed set of discrete alternative hypotheses of the internal magnitude of gravity. Even when simplifying that the parallel, alternative hypotheses only consider the one parameter of the internal magnitude of gravity, this is likely another (over)simplification to assume the CNS uses a fixed set of discrete alternatives (e.g., 0.1, 0.2, 0.3 g, etc.). Computationally, it was simpler to assume these alternatives were fixed, but biologically this would be a poor implementation. First, by discretizing in increments of 0.1 g between 0.1 and 2 g, means the model is incapable of adapting to gravity levels greater than 2 g. We could, of course, include more alternatives up to higher gravity levels (e.g., 3 g), but this requires the model (and the CNS) to know what gravity levels are possible to encounter in the first place. Second, it is computationally inefficient to have to process alternative hypotheses that do not ever occur. For example, in a gravity transition from 1 to 0.5 g, all of the alternatives between 1.3 and 2 g are effectively unused, but still require extensive computations.

Fortunately, a more intelligent, adaptive approach for dynamically selecting alternative hypotheses for the internal magnitude of gravity is possible. In a Rao-Blackwellized particle filter (Ristic et al., 2003), alternative hypotheses are resampled based upon the probability of previous alternatives. In our application, conceptually this amounts to dynamically creating alternative hypotheses for the internal magnitude of gravity, based upon having a higher prior probability distribution and then assessing their error likelihood. This process is done iteratively over time, allowing new alternatives to be spawned when they may be likely, and others to be removed when they become highly unlikely. This has computational advantages by not computing sensory conflict for alternatives that are entirely unlikely, but also prioritizing finer discretization near values that are more likely to be the internal magnitude of gravity at a given point in time. Future work should compare predictions and computational burden of our current fixed discretization and a Rao-Blackwellized particle filter approach to resample alternative hypotheses for the internal magnitude of gravity. This can begin to explore how the CNS learns new alternative hypotheses, as opposed to simply adapting between preexisting alternatives. The creation of new alternative hypotheses within this framework is scientifically interesting for scenarios in which the person must adapt to a novel environment entirely different from those previously experienced, such as first-time astronauts entering microgravity. In addition, this formulation circumvents the need to have a “floor” probability for each alternative hypothesis, since these are dynamically added/removed.

Next, to yield central perceptions of orientation during adaptation, we computed the MMSE estimate of the fixed, discrete alternatives to determine the internal magnitude of gravity within the final Central Observer Model. This is represented by the dotted red line in Figure 3A. However, there are other estimators of central tendency (e.g., maximum likelihood estimator) that could be used. Particularly, since the probability distributions for the internal magnitude of gravity (particularly during gravity transitions) are often bimodal, other approaches are reasonable to consider. Ideally, empirical data could help guide whether the adaptation process is smooth (as predicted with the MMSE estimator) or more of an abrupt switch from one alternative to another (as a maximum a posteriori estimator would produce, since it would just use whichever single discrete hypothesis has the highest posterior probability at each point of time).

Our model aims to implement the cognitive-based Computations for Orientation and Motion Perception in Altered Sensorimotor States (COMPASS) that may be required of the CNS to perform to adapt to gravity transitions. However, where those computations may occur in the brain or how neural networks and neurotransmitters may perform those computations are both questions beyond the scope of this work. Briefly, we note that the cerebellum is known to be heavily involved with internal models (Wolpert et al., 1998; Ito, 2000), including those related to orientation perception (Brooks and Cullen, 2013; Shaikh et al., 2013; Laurens and Angelaki, 2016). Further, the computations required within our model (additions and multiplications) are likely feasible using multilayer, neural networks.

While here we focused on adaptation to altered environments, this same computational model framework can be used to study other adaptations to orientation perception processing. For example, aging is known to alter sensory transduction (Karmali et al., 2018) and the brain appears to update its processing consistent with static Bayesian inference, but the dynamic adaptation (i.e., over time with aging) to these changes has not been computationally modeled. Similarly, how the CNS reinterprets acute damage to peripheral vestibular sensors could be modeled computationally using our framework. Broadly, the proposed computational model can be applied to various scenarios of sensorimotor adaptation or learning by reconsidering the parameter(s) which differ between alternative hypotheses resulting in various sets of sensory conflict signals, and then performing error likelihood and Bayes rule computations to update posterior probabilities across the alternative, parallel hypotheses to produce a central model used for perception and action.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

TC, NA, JD, and VK contributed to the conception of the project, the functionality of the computational model, and reviewing of simulation results. JD and VK implemented the model. TC, JD, and VK wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

Portions of this effort were supported by the DoD/ONR via our Multiloop Cybernetic System Multidisciplinary University Research Initiative (MURI, N000142012163) and a NASA Space Technology Graduate Research Opportunities Award (NSTGRO, 80NSSC21K1271).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncir.2021.757817/full#supplementary-material



REFERENCES

Bar-Shalom, Y., Rong Li, X., and Kirubarajan, T. (2001). Estimation with Applications to Tracking and Navigation: Theory Algorithms and Software. Hoboken, NJ: John Wiley & Sons, Inc.

Batson, C. D., Brady, R. A., Peters, B. T., Ploutz-Snyder, R. J., Mulavara, A. P., Cohen, H. S., et al. (2011). Gait training improves performance in healthy adults exposed to novel sensory discordant conditions. Exp. Brain Res. 209, 515–524. doi: 10.1007/s00221-011-2574-6

Bermudez Rey, M. C., Clark, T. K., Wang, W., Leeder, T., Bian, Y., and Merfeld, D. M. (2016). Vestibular perceptual thresholds increase above the age of 40. Front. Neurol. 7:162. doi: 10.3389/fneur.2016.00162

Brooks, J. X., and Cullen, K. E. (2009). Multimodal integration in rostral fastigial nucleus provides an estimate of body movement. J. Neurosci. 29, 10499–10511.

Brooks, J. X., and Cullen, K. E. (2013). The primate cerebellum selectively encodes unexpected self-motion. Cur. Biol. 23, 947–955. doi: 10.1016/j.cub.2013.04.029

Brooks, J. X., Carriot, J., and Cullen, K. E. (2015). Learning to expect the unexpected: rapid updating in primate cerebellum during voluntary self-motion. Nat. Neurosci. 18, 1310–1317. doi: 10.1038/nn.4077

Carriot, J., Jamali, M., and Cullen, K. E. (2015). Rapid adaptation of multisensory integration in vestibular pathways. Front. Syst. Neurosci. 9:59. doi: 10.3389/fnsys.2015.00059

Chen, Z., Heckman, C., Julier, S., and Ahmed, N. (2018). “Weak in the NEES: auto-tuning kalman fitlers with bayesian optimization,” in Proceedings of the 21st International Conference on Information Fusion (FUSION), (Piscataway, NJ: IEEE). doi: 10.23919/ICIF.2018.8454982

Clark, T. K. (2019). “Effects of spaceflight on the vestibular system,” in Handbook of Space Pharmaceuticals, eds Y. Pathak, M. Araújo Dos Santos, and L. Zea (Cham: Springer).

Clark, T. K., and Merfeld, D. M. (2017). “Does adaptation to tilt perception to altered gravity relate to vestibular perceptual thresholds?,” in NASA Human Research Program Investigator’s Workshop, Galveston, TX.

Clark, T. K., and Young, L. R. (2017). A case study of human roll tilt perception in hypogravity. Aerosp Med. Hum. Perform 88, 682–687.

Clark, T. K., Newman, M. C., Karmali, F., Oman, C. M., and Merfeld, D. M. (2019). Mathematical models for dynamic, multisensory spatial orientation perception. Prog. Brain Res 248, 65–90. doi: 10.1016/bs.pbr.2019.04.014

Clark, T. K., Newman, M. C., Oman, C. M., Merfeld, D. M., and Young, L. R. (2015b). Human perceptual overestimation of whole-body roll tilt in hyper-gravity. J. Neurophysiol. 113, 2062–2077. doi: 10.1152/jn.00095.2014

Clark, T. K., Newman, M. C., Oman, C. M., Merfeld, D. M., and Young, L. R. (2015c). Modeling human perception of orientation in altered gravity. Front. Syst. Neurosci. 9:68.

Clark, T. K., Newman, M. C., Merfeld, D. M., Oman, C. M., and Young, L. R. (2015a). Human manual control performance in hyper-gravity. Exp. Brain Res. 233, 1409–1420. doi: 10.1007/s00221-015-4215-y

Clark, T. K., Young, L. R., Stimpson, A. J., Duda, K. R., and Oman, C. M. (2011). Numerical simulation of human orientation perception during lunar landing. Acta Astronaut. 69, 420–428. doi: 10.1016/j.actaastro.2011.04.016

Clement, G. (1998). Alteration of eye movements and motion perception in microgravity. Brain Res. Rev. 28, 161–172. doi: 10.1016/S0165-0173(98)00036-8

Clement, G., and Wood, S. J. (2012). Motion perception during tilt and translation after space flight. Acta Astronaut. 92, 48–52. doi: 10.1016/j.actaastro.2012.03.011

Clement, G., and Wood, S. J. (2014). Rocking or rolling – perception of ambiguous motion after returning from space. PLoS One 9:e111107. doi: 10.1371/journal.pone.0111107

Clement, G., Denise, P., Reschke, M. F., and Wood, S. J. (2007). Human ocular counter-rolling and roll tilt perception during off-vertical axis rotation after spaceflight. J. Vestib. Res. Equilib. Orientat. 17, 209–215. doi: 10.3233/VES-2007-175-602

de Winkel, K. N., Clement, G., Groen, E. L., and Werkhoven, P. J. (2012). The perception of verticality in lunar and martian gravity conditions. Neurosci. Lett. 529, 7–11. doi: 10.1016/j.neulet.2012.09.026

Diaz-Artiles, A., and Karmali, F. (2021). Vestibular precision at the level of perception, eye movements, posture, and neurons. Neuroscience 468, 282–320. doi: 10.1016/j.neuroscience.2021.05.028

Dixon, J. B., and Clark, T. K. (2020). Sensorimotor impairment from a new analog of spaceflight-altered neurovestibular cues. J. Neurophysiol. Special Issue Adv. Vestib. Res. 123, 209–223. doi: 10.1152/jn.00156.2019

Fernandez, C., and Goldberg, J. M. (1976). Physiology of peripheral neurons innervating otolith organs of the squirrel monkey. I. response to static tilts and to long-duration centrifugation. J. Neurophysiol. 39, 970–984. doi: 10.1152/jn.1976.39.5.970

Galvan-Garza, R. C., Clark, T. K., Sherwood, D., Diaz-Artiles, A., Rosenberg, M., Natapoff, A., et al. (2018). Human perception of whole body roll-tilt orientation in a hypogravity analog: underestimation and adaptation. J. Neurophysiol. 120, 3110–3121. doi: 10.1152/jn.00140.2018

Goldberg, J. M., and Fernandez, C. (1971). Physiology of peripheral neurons innervating semicircular canals of squirrel monkey. i. resting discharge and response to constant angular accelerations. J. Neurophysiol. 34, 635–660. doi: 10.1152/jn.1971.34.4.635

Grabherr, L., Nicoucar, K., Mast, F. W., and Merfeld, D. M. (2008). Vestibular thresholds for yaw rotation about an earth-vertical axis as a function of frequency. Exp. Brain Res. 186, 677–681. doi: 10.1007/s00221-008-1350-8

Ito, M. (2000). Mechanisms of motor learning in the cerebellum. Brain Res. 886, 237–245. doi: 10.1016/S0006-8993(00)03142-5

Jamali, M., Sadeghi, S. G., and Cullen, K. E. (2009). Response of vestibular nerve afferents innervating utricle and saccule during passive and active translations. J. Neurophysiol. 101, 141–149. doi: 10.1152/jn.91066.2008

Kalman, R. E. (1960). A new approach to linear filtering and prediction problems. J. Basic Eng. 82D, 35–45. doi: 10.1115/1.3662552

Kalman, R. E., and Bucy, R. S. (1961). New results in linear filtering and prediction problems. J. Basic Eng. 83D, 95–108. doi: 10.1115/1.3658902

Karmali, F., and Merfeld, D. M. (2012). A distributed, dynamic, parallel computational model: the role of noise in velocity storage. J. Neurophysiol. 108, 390–405. doi: 10.1152/jn.00883.2011

Karmali, F., Bermudez Rey, M. C., Clark, T. K., Wang, W., and Merfeld, D. M. (2017). Multivariate analyses of balance test performance, vestibular thresholds, and age. Front. Neurol. 8:578. doi: 10.3389/fneur.2017.00578

Karmali, F., Whitman, G. T., and Lewis, R. F. (2018). Bayesian optimal adaptation explains age-related human sensorimotor changes. J. Neurophysiol. 119, 509–520. doi: 10.1152/jn.00710.2017

Klaus, M. P., Schone, C. G., Hartmann, M., Merfeld, D. M., Schubert, M. C., and Mast, F. W. (2020). Roll tilt self-motion direction discrimination training: first evidence for perceptual learning. Atten Percept Psychophys. 82, 1987–1999. doi: 10.3758/s13414-019-01967-2

Lackner, J. R., and Dizio, P. (2006). Space motion sickness. Exp. Brain Res. 175, 377–399. doi: 10.1007/s00221-006-0697-y

Laurens, J., and Angelaki, D. E. (2016). “How the vestibulocerebellum builds an internal model of self-motion,” in Neuronal Codes of the Cerebellum, ed. D. Heck (Cambridge: Academic), 97–115. doi: 10.1016/B978-0-12-801386-1.00004-6

Lim, K., Karmali, F., Nicoucar, K., and Merfeld, D. M. (2017). Perception precision of passive body tilt is consistent with statistically optimal cue integration. J. Neurophysiol. 117, 2037–2052. doi: 10.1152/jn.00073.2016

Luenburger, D. G. (1971). An Introduction to Observers. IEEE Trans. Automat. Control 16, 596–602. doi: 10.1109/TAC.1971.1099826

Merfeld, D. M. (1996). Effect of spaceflight on ability to sense and control roll tilt: human neurovestibular studies on SLS-2. J. Appl. Physiol. 81, 50–57. doi: 10.1152/jappl.1996.81.1.50

Merfeld, D. M. (2003). Rotation otolith tilt-translation reinterpretation (ROTTR) hypothesis: a new hypothesis to explain neurovestibular spaceflight adaptation. J. Vestib. Res. Equilib. Orient. 13, 309–320. doi: 10.3233/VES-2003-134-615

Merfeld, D. M., and Zupan, L. H. (2002). Neural processing of gravitoinertial cues in humans. III. Modeling tilt and translation responses. J. Neurophysiol. 87, 819–833. doi: 10.1152/jn.00485.2001

Merfeld, D. M., Young, L. R., Paige, G. D., and Tomko, D. L. (1993b). Three dimensional eye movements of squirrel monkeys following postrotatory tilt. J. Vestib. Res. 3, 123–139. doi: 10.3233/VES-1993-3203

Merfeld, D. M., Young, L. R., Oman, C. M., and Shelhammer, M. J. (1993a). A multidimensional model of the effect of gravity on the spatial orientation of the monkey. J. Vestib. Res. 3, 141–161. doi: 10.3233/VES-1993-3204

Merfeld, D. M., Zupan, L., and Peterka, R. J. (1999). Humans use internal models to estimate gravity and linear acceleration. Nature 398, 615–618. doi: 10.1038/19303

Meskers, A. J. H., Houben, M. M. J., Pennings, H. J. M., Clement, G., and Groen, E. (2021). Underestimation of self-tilt increases in reduced gravity conditions. J. Vestib. Res. 1–8. doi: 10.3233/VES-201512

Mittelstaedt, H. (1983). A new solution to the problem of the subjective vertical. Naturwissenschaften 70, 272–281. doi: 10.1007/BF00404833

Mulavara, A. P., Peters, B. T., Miller, C. A., Kofman, I. S., Reschke, M. F., Taylor, L. C., et al. (2018). Physiological and functional alterations after spaceflight and bed rest. Med. Sci. Sports Exerc. 50, 1961–1980. doi: 10.1249/MSS.0000000000001615

Newman, M. C. (2009). A Multisensory Observer Model for Human Spatial Orientation Perception. Cambridge, MA: S. M. Massachusetts Institute of Technology.

Nouri, S., and Karmali, F. (2018). Variability in the vestibulo-ocular reflex and vestibular perception. J. Neurosci. 393, 350–365. doi: 10.1016/j.neuroscience.2018.08.025

Oman, C. M. (1982). A heuristic mathematical-model for the dynamics of sensory conflict and motion sickness. Acta Oto Laryngol. 392, 1–44. doi: 10.3109/00016488209108197

Oman, C. M. (1998). Sensory conflict theory and space sickness: our changing perspective. J. Vestib. Res. Equilib. Orient. 8, 51–56.

Oman, C. M., and Cullen, K. E. (2014). Brainstem processing of vestibular sensory exafference: implications for motion sickness etiology. Exp. Brain Res. 232, 2483–2492. doi: 10.1007/s00221-014-3973-2

Paloski, W. H., Black, F. O., Reschke, M. F., Calkins, D. S., and Shupert, C. (1993). Vestibular ataxia following shuttle flights – effects of microgravity on otolith-mediated sensorimotor control of posture. Am. J. Otol. 14, 9–17.

Paloski, W. H., Oman, C. M., Bloomberg, J. J., Reschke, M. F., Wood, S. J., Harm, D. L., et al. (2008). Risk of sensory-motor performance failures affecting vehicle control during space missions: a review of the evidence. J. Gravitat. Physiol. 15, 1–29.

Parker, D. E., Reschke, M. F., Arrott, A. P., Homick, J. L., and Lichtenberg, B. K. (1985). Otolith tilt-translation reinterpretation following prolonged weightlessness – implications for preflight training. Aviat Space Environ. Med. 56, 601–606.

Reason, J. T. (1978). Motion sickness adaptation – neural mismatch model. J. R. Soc. Med. 71, 819–829. doi: 10.1177/014107687807101109

Reschke, M. F., and Clement, G. (2018). Verbal reports of neurovestibular symptoms in astronauts after short-duration space flight. Acta Astronaut. 152, 229–234. doi: 10.1016/j.actaastro.2018.08.028

Reschke, M. F., Wood, S. J., and Clement, G. R. (2018). A case study of severe space motion sickness. Aerosp Med. Hum. Perform. 89, 749–753. doi: 10.3357/AMHP.5071.2018

Ristic, B., Arulumpalam, S., and Gordon, N. (2003). Beyond the Kalman filter: Particle Filters for Tracking Applications. Norwood, MA: Artech house.

Roller, C. A., Cohen, H. S., Bloomberg, J. J., and Mulavara, A. P. (2009). Improvement of obstacle avoidance on a compliant surface during transfer to a novel visual task after variable practice under unusual visual conditions. Percept. Motor Skills 108, 173–180. doi: 10.2466/pms.108.1.173-180

Roller, C. A., Cohen, H. S., Kimball, K. T., and Bloomberg, J. J. (2001). Variable practice with lenses improves visuo-motor plasticity. Cogn. Brain Res. 12, 341–352. doi: 10.1016/S0926-6410(01)00077-5

Roy, J. E., and Cullen, K. E. (2004). Dissociating self-generated from passively applied head motion: neural mechanisms in the vestibular nuclei. J. Neurosci. 24, 2102–2111. doi: 10.1523/JNEUROSCI.3988-03.2004

Schone, H. (1964). On the role of gravity in human spatial orientation. Aerosp. Med. 35, 764–772.

Seidler, R. D. (2004). Motor learning experiences enhance motor adaptability. J. Cogn. Neurosci. 16, 65–73. doi: 10.1162/089892904322755566

Seidler, R. D., Mulavara, A. P., Bloomberg, J. J., and Peters, B. T. (2015). Individual predictors of sensorimotor adaptability. Front. Syst. Neurosci. 9:100. doi: 10.3389/fnsys.2015.00100

Selva, P., and Oman, C. M. (2012). Relationships between observer and kalman filter models for human dynamic spatial orientation. J. Vestib. Res. Equilib. Orient. 22, 69–80. doi: 10.3233/VES-2012-0451

Shaikh, A. G., Palla, A., Marti, S., Olasagasti, I., Optican, L. M., Zee, D. S., et al. (2013). Role of cerebellum in motion perception and vestibulo-ocular reflex-similarities and disparities. Cerebellum 12, 97–107. doi: 10.1007/s12311-012-0401-7

Shelhamer, M. (2015). Trends in sensorimotor research and countermeasures for exploration-class space flights. Front. Syst. Neurosci. 9:115.

Suri, K., and Clark, T. K. (2020). Human vestibular perceptual thresholds for pitch tilt are slightly worse than for roll tilt across a range of frequencies. Exp. Brain Res. 238, 1499–1509. doi: 10.1007/s00221-020-05830-x

Tin, C., and Poon, C. S. (2005). Internal models in sensorimotor integration: perspectives from adaptive control theory. J. Neural Eng. 2, S147–S163. doi: 10.1088/1741-2560/2/3/S01

Valko, Y., Lewis, R. F., Priesol, A. J., and Merfeld, D. M. (2012). Vestibular labyrinth contributions to human whole-body motion discrimination. J. Neurosci. 32, 13537–13542. doi: 10.1523/JNEUROSCI.2157-12.2012

Vincent, G., Gruber, J., Reed, B., Newman, M. C., and Clark, T. K. (2016). “Observer model analysis of orientation perception during artificial gravity stimulation via centrifugation versus linear sled,” in Proceedings of the 32nd American Society of Gravitational and Space Research Conference, Cleveland, OH.

Von Holst, E., and Mittelstaedt, H. (1950). Das reafferenzprinzip. Naturwissenschaften 37, 464–476. doi: 10.1007/BF00622503

Wolpert, D. M., Miall, R. C., and Kawato, M. (1998). Internal models in the cerebellum. Trends Cogn. Sci. 2, 338–347. doi: 10.1016/S1364-6613(98)01221-2

Wood, S. J., Paloski, W. H., and Clark, J. B. (2015). Assessing sensorimotor function following ISS with computerized dynamic posturography. Aerosp. Med. Hum. Perform. 86, A45–A53. doi: 10.3357/AMHP.EC07.2015

Young, L. R., Oman, C. M., Watt, D. G. D., Money, K. E., and Lichtenberg, B. K. (1984). Spatial orientation in weightlessness and readaptation to earth’s gravity. Science 225, 205–208. doi: 10.1126/science.6610215

Zupan, L. H., Merfeld, D. M., and Darlot, C. (2002). Using sensory weighting to model the influence of canal, otolith and visual cues on spatial orientation and eye movements. Biol. Cybern. 86, 209–230. doi: 10.1007/s00422-001-0290-1


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kravets, Dixon, Ahmed and Clark. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	ORIGINAL RESEARCH
published: 21 October 2021
doi: 10.3389/fncir.2021.750267





[image: image2]

Effects of Local Gravity Compensation on Motor Control During Altered Environmental Gravity

Tjasa Kunavar1,2*†, Marko Jamšek1,2†, Marie Barbiero3,4, Gunnar Blohm5, Daichi Nozaki6, Charalambos Papaxanthis3, Olivier White3‡ and Jan Babič1‡


1Laboratory for Neuromechanics and Biorobotics, Department of Automatics, Biocybernetics and Robotics, Jožef Stefan Institute, Ljubljana, Slovenia

2Jožef Stefan International Postgraduate School, Ljubljana, Slovenia

3INSERM UMR1093-CAPS, Université Bourgogne Franche-Comté, UFR des Sciences du Sport, Dijon, France

4Centre National d’Etudes Spatiales, Paris, France

5Centre for Neuroscience Studies, Queen’s University, Kingston, ON, Canada

6Division of Physical and Health Education, Graduate School of Education, The University of Tokyo, Tokyo, Japan

Edited by:
Raffaella Ricci, University of Turin, Italy

Reviewed by:
Hong-Yuan Chu, Van Andel Institute, United States
Marco Mainardi, Institute of Neuroscience, National Research Council (CNR), Italy

* Correspondence: Tjasa Kunavar, tjasa.kunavar@ijs.si

†These authors have contributed equally to this work and share first authorship

‡These authors have contributed equally to this work and share senior authorship

Received: 30 July 2021
 Accepted: 30 September 2021
 Published: 21 October 2021

Citation: Kunavar T, Jamšek M, Barbiero M, Blohm G, Nozaki D, Papaxanthis C, White O and Babič J (2021) Effects of Local Gravity Compensation on Motor Control During Altered Environmental Gravity. Front. Neural Circuits. 15:750267. doi: 10.3389/fncir.2021.750267



Our sensorimotor control is well adapted to normogravity environment encountered on Earth and any change in gravity significantly disturbs our movement. In order to produce appropriate motor commands for aimed arm movements such as pointing or reaching, environmental changes have to be taken into account. This adaptation is crucial when performing successful movements during microgravity and hypergravity conditions. To mitigate the effects of changing gravitational levels, such as the changed movement duration and decreased accuracy, we explored the possible beneficial effects of gravity compensation on movement. Local gravity compensation was achieved using a motorized robotic device capable of applying precise forces to the subject’s wrist that generated a normogravity equivalent torque at the shoulder joint during periods of microgravity and hypergravity. The efficiency of the local gravity compensation was assessed with an experiment in which participants performed a series of pointing movements toward the target on a screen during a parabolic flight. We compared movement duration, accuracy, movement trajectory, and muscle activations of movements during periods of microgravity and hypergravity with conditions when local gravity compensation was provided. The use of local gravity compensation at the arm mitigated the changes in movement duration, accuracy, and muscle activity. Our results suggest that the use of such an assistive device helps with movements during unfamiliar environmental gravity.

Keywords: motor assistance, gravitational effects, parabolic flight, motor control, microgravity, hypergravity


INTRODUCTION

Our sensorimotor control is adapted for the Earth’s environment, where all movements are conditioned by the gravitational force (Fisk et al., 1993). This omnipresent force is taken into account by our central nervous system (CNS) during all motor actions. Exposure to altered gravity significantly disturbs our movements (Bock et al., 1992). Aimed arm movements, such as pointing and reaching, constitute complex acts of sensorimotor integration, and gravitational information is imperative when anticipating the consequences of motor commands on the position of the arm (Bock et al., 1992). Arm movements have several kinematic characteristics that depend on the direction of movement with respect to the direction of gravity (i.e., upward or downward movements). Upward movements tend to have a smaller proportion of acceleration time to deceleration time compared to the movements of equal distance and duration in the downward direction (Papaxanthis et al., 2005). On the other hand, peak and average speed of arm movements are not affected by the direction of movement (Papaxanthis et al., 2005).

Motor commands used for a specific movement in normogravity produce a different movement in other environments due to the different gravitational forces acting on the body. Motor commands planned for Earth’s environment produce lower movement responses in hypergravity and higher movement responses in microgravity (Bock et al., 1992). Moreover, arm movement studies in microgravity and hypergravity showed mixed results regarding the movement duration, pointing accuracy, and movement trajectory characteristics (Bock, 1998). Specifically, movement duration was shown to be longer in microgravity (Tafforin et al., 1989; Berger et al., 1997; Papaxanthis et al., 2005) and shorter in hypergravity (Bock et al., 1996) compared to normogravity. However, some experiments showed that movement duration of movements in hypergravity and microgravity did not differ from those in normogravity (Bringoux et al., 2012; Macaluso et al., 2017). In addition to the changes in movement duration, different gravitational conditions can also affect the accuracy of movements. There have been several studies that showed a decreased movement accuracy (Fisk et al., 1993) and pointing precision (Bock et al., 1992). It has been proposed that errors due to visual localization and proprioceptive information result in overshooting in hypergravity and undershooting in microgravity, while errors due to the inappropriate motor commands produce undershooting in hypergravity and overshooting in microgravity (Bock et al., 1992).

When movements are performed in a non-terrestrial environment, the CNS has to adapt to the new environment by taking into account the new gravitational force. This is especially relevant for astronauts and airplane pilots who encounter significant gravitoinertial variations. There are significant operational risks during the periods of altered gravitational environments, especially during the transitions between them (Shelhamer, 2016). To effectively operate a spacecraft or an airplane, it is important to have a proficient motor performance in all gravitational environments (Paloski et al., 2008). Altered sensorimotor functions affect fundamental skills required for operating the airplanes and spacecraft, such as timely reaching to switches on instrumental panels and smoothly guiding the trajectory of a vehicle (Paloski et al., 2008).

To mitigate the possible effects of changing gravitational levels, such as the changed movement duration and/or decreased accuracy, various methods of movement assistance could be applied. In their study, Weber et al. (2020) adapted haptic settings of a human-machine interface (joystick in this case) to mitigate changes caused by microgravity, however, this procedure did not produce satisfactory results. Moreover, Bringoux et al. (2012) showed that the effects of microgravity on arm movements can be mitigated by elastic bands that produce gravity-like torques in the shoulder joints. However, the results of this study are methodologically limited to the supine position of the body with an upward extended arm in which the gravity vector is aligned with the kinematical chain of the arm. It, therefore, remains largely unclear how a local compensation of gravitational force on the arm affects the movement characteristics, and whether such compensation could mitigate the effects of both stable and altered gravitational environment on motor control.

The main goals of our study are to investigate the effects of local gravity compensation on movement during altered environmental gravity and to decide whether assistive devices could be beneficial in these conditions. To address this, we designed a realistic pointing task experiment that participants performed while being subjected to the changing gravitational levels. Our experiment took place on an airplane during a set of parabolic flights which provide a suitable equivalent for a wide range of effects seen in orbital and deep-space flights (Shelhamer, 2016). The participants were seated and had to perform a series of pointing tasks on the screen in front of them while we systematically employed local gravity compensation at the arm with a motorized robotic device. To verify the efficiency of the local gravity compensation approach, we first identified the changes in movements caused by unfamiliar gravitational levels of microgravity and hypergravity with respect to the movements in normogravity and then investigated how these changes are affected by providing local gravity compensation at the arm.



MATERIALS AND METHODS

The study was performed during the 142nd CNES (French Space Agency) parabolic flight campaign that included 3 days of flights at Novespace-Merignac (France). Flights were composed of 31 parabolas, each consisting of three different gravitational conditions: normogravity (Earth gravity, ~1g), microgravity (~0g), and hypergravity (~1.8g).


Participants

Nine right-handed participants (seven males and two females, mean ± SD; age 29.8 ± 7.4 years, height 176 ± 10.8 cm and body mass 71 ± 15.7 kg) took part in the study. None of them reported sensory or motor deficits. A medical examination qualified each participant for parabolic flights prior to participation. To avoid motion sickness, participants received medication (scopolamine) before boarding. It has been previously demonstrated that scopolamine utilization does not influence sensorimotor control of participants during parabolic flight (Ritzmann et al., 2016). None of the participants had previously experienced altered gravitational effects and they were all naive regarding the specific purpose of this experiment.



Experimental Setup

Participants were seated in front of a touchscreen display (display size 521 mm × 293 mm, ProLite T2435MSC-B2, Iiyama, Hoofddorp, Netherlands) oriented in a portrait mode as seen in Figure 1A. The seat was positioned low so that the participants’ legs were extended horizontally and their feet rested on the aircraft floor. To prevent displacement and floating of the body during the experiment, the body was tied to the backrest of the seat and the legs were tied to the floor with straps. Participants were using their right hand to hold a tactile stylus and were asked to perform a series of pointing movements from an initial position towards a target displayed either above or below the initial position. They were instructed to perform the movements as accurately and as fast as possible. The initial position was displayed on the screen as a gray circle 60 mm in diameter and was located approximately at shoulder height. The target was displayed on the screen as a red circle 20 mm in diameter. There were seven upper and seven lower targets, positioned either 8, 10, 12, 14, 16, 18, or 20 cm from the initial position in either direction. They were aligned on a vertical axis in front of the participant’s right shoulder. Only one target was displayed for a given pointing movement. To avoid possible anticipation of the target location, the targets were displayed in a pseudo-random order where each target was represented an equal number of times, but the sequence was long enough to prevent memorization and therefore any anticipation effects. The motion of the stylus was measured by recording the position of a reflective marker placed on the stylus using a contactless motion capture system (Vicon, Yarnton, UK) recording at 100 Hz sampling frequency. Moreover, the exact location of where the stylus touched the display was acquired by the touchscreen interface. Additionally, we measured the muscular activity of deltoid anterior, deltoid posterior, trapezius, and pectoralis of the right arm using an EMG system (SX230 sensor, Biometrics Ltd, New- port, UK). Raw signals were acquired with a sampling frequency of 1,000 Hz.
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FIGURE 1. Experimental setup and protocol. (A) Participants performed pointing movements in a seated position. The goal was to hit a target presented on a screen in front of them. The participant’s arm was connected to the motors with thin strings. Motors were used to provide local gravity compensation at the arm. (B) Parabolic trajectory shows the flight path of the plane. The red box shows the part of the parabola when the measurements were taken. The experiment consisted of 10 parabolas; white squares show parabolas without local gravity compensation and gray squares show parabolas with local gravity compensation.



In some conditions (defined in experimental protocol) a motorized robotic device was used to provide local gravity compensation at the arm. Two motors (EMMS-AS-55-S-TM, Festo, Esslingen, Germany), positioned above and below the participant’s arm, were connected to two thin strings (Dyneema® 1.5 mm, YSM and Partners, Dobra, Poland) that ensured a negligible extension with respect to the movement amplitude. The strings were further attached to a large Velcro strap that was strapped around the participant’s right wrist. When gravity compensation was provided, the motors generated limited vertical forces (the force was limited to 30 N in either direction in order to ensure safety while allowing for full support of the arm) in order to locally re-establish normogravity environment at the wrist, and hence normal gravitational torque at the shoulder joint. The motors generated forces to lighten or add weight on the wrist in hypergravity or microgravity conditions, respectively. The force required to keep the arm in a horizontal position was measured beforehand for each participant (18.6 ± 4.8 N) and was used to compensate for the weight of the arm so that the torque felt by the participant in the shoulder joint was equal to that felt in normogravity. To control the motors in closed-loop according to the experimental conditions, a three-dimensional accelerometer (Xsens, Enschede, Netherlands), fixed on the floor of the aircraft, recorded the ambient gravitational phase and transferred the signal to the motor controllers in real-time with a rate of 1 kHz. When gravity compensation was not provided, a constant pretension force of 10 N was applied by both motors in the opposite direction to prevent the string slack.



Experimental Protocol

Participants completed 10 successive parabolas, during which they were exposed to the normogravity, hypergravity, and microgravity environments, also referred to as 1g, 2g, and 0g, respectively. The data recording period in each parabola consisted of a steady flight phase 20 s before the entry in the parabola (normogravity), the pull-up phase (hypergravity), and the weightlessness phase (microgravity) as shown in Figure 1B. During this period, participants performed continuous pointing movements that lasted for around 1 min. They rested during the remaining time of the parabola and in between parabolas (ca 1 min). During the first four parabolas (P1 to P4) and the last parabola (P10), participants experienced all gravitational conditions without any compensation. From P5 to P9, local gravity compensation was enabled. When compensation was used, participants experienced constant local normogravity at the wrist while the body was immersed into the changing environmental gravity conditions.



Data Processing and Statistical Analysis

Arm movements were analyzed by looking at the movement duration, accuracy, shape of the trajectory, movement symmetry, and muscle activity for each pointing movement. We defined movement onset as the time when the stylus left the initial position on the screen and the end when the stylus touched the screen again. The start and the end of the movement were calculated based on the data from the touch screen since that gave us the most accurate timeframe of the movement. We calculated movement duration as the time between movement onset and offset. To analyze the accuracy of pointing, we looked at the location of the hit with respect to the target location calculated as a vertical distance between the center of the target and the position where the stylus touched the screen. We looked at the absolute deviations as well as signed deviations of the hits, where a positive deviation represents a hit above the target and a negative deviation represents a hit under the target. If the hit was above the target for upward movements or under the target for downward movements, the target was overshot. Contrary, if the hit was under the target for upward movements or above the target for downward movements, the target was undershot. Movements with an absolute deviation greater than 20 mm (which is the distance between the two targets) were excluded from the analysis. Moreover, to analyze the kinematics of arm movements, we looked at the shape of the trajectory and movement symmetry. The shape of the trajectory was assessed by determining trajectory curvature calculated as a maximal deviation of the trajectory in the horizontal direction, while movement symmetry was assessed by determining the relative time to peak velocity (rTPV) obtained by dividing time to peak velocity by movement duration. Both the trajectory curvature and rTPV were calculated based on marker position data. Marker positions were interpolated for missing data and low pass filtered with 2nd order Butterworth filter (zero phase lag, 10 Hz cut-off frequency). We excluded data where environmental or hand simulated gravity level changed during a single trial, the standard deviation of stationary markers on the screen exceeded 4 mm, there were more than five consecutive instances of missing markers in the raw data, there were discontinues jumps in marker data, the movement did not start in the area of start target, stylus marker moved in the opposite direction of the target, or stylus marker trajectory was abnormal. Finally, muscle activity was analyzed by calculating integrated EMG (iEMG). EMG data was band-pass filtered with 2nd order Butterworth filter (zero phase lag) with 20 Hz and 350 Hz cut-off frequencies. Afterward, the EMG envelope was calculated and the signal was integrated over time for each movement to determine muscular effort.

To compare the measured parameters across different conditions we conducted a linear mixed models analysis with three gravity conditions (1g, 0g, 2g) × 2 ompensation conditions (local gravity compensation, no compensation) × 7 targets statistical design. For EMG analysis we used linear mixed models analysis with 3 gravity conditions (1g, 0g, 2g) × 2 compensation conditions (local gravity compensation, no compensation) × 4 muscles (deltoid anterior, deltoid posterior, trapezius, and pectoralis) statistical design. The statistical analysis was conducted in R (R Core Team, 2020) with the nlme (Pinheiro et al., 2020) and multcomp (Hothorn et al., 2008) packages, while all other analyses were conducted in Matlab (Mathworks, Natick, MA, USA). The focus of the experiment was to study the effects of changed gravity on human arm movements and how local gravity compensation mitigates these effects, therefore we were mainly interested in the main effect of gravity and the interaction effect between gravity and compensation. Additionally, the analysis was performed separately for both directions and we did not directly compare downward and upward movements. Post hoc t-tests with Bonferroni correction were conducted to determine the significant differences between the specific conditions. To determine the effects of gravity, we compared microgravity and hypergravity to normogravity (1g–0g and 1g–2g). Moreover, to determine if changes caused by the changed gravity can be decreased with the local gravity compensation, we compared the conditions without compensation to the conditions with local gravity compensation (0g–0gC and 2g–2gC). We further compared the conditions with local gravity compensation in microgravity and hypergravity to normogravity to see if the effects of the gravitational change were eliminated (1g–0gC and 1g–2gC). The level of statistical significance was set at 0.05. For statistical analysis, we used averaged values of each target for all parameters. However, for visual presentation, we calculated average values across targets and only present values of each target for accuracy and shape of the trajectory.




RESULTS

Our experiment investigated the effects of local gravity compensation on movements during microgravity and hypergravity. It took place on an airplane during a set of parabolic flights. The participants were holding a tactile stylus and performed a series of pointing movements towards the screen in front of them from an initial position towards a target displayed either above or below the initial position. We systematically employed local gravity compensation at the arm with a motorized robotic device. To investigate the effects of local gravity compensation on the pointing performance, we looked at the duration and accuracy of movements. Moreover, to determine the effects of gravity compensation on the kinematics of arm movement, we analyzed the shape of arm movement and the corresponding velocity profiles. Finally, muscle activity was investigated to determine whether muscle activation patterns during local gravity compensation resemble those in normogravity.


Movement Duration

Participants performed upward and downward movements towards the targets of different distances. Movement duration for each combination of gravity and compensation conditions averaged for all targets, is shown in Figure 2.
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FIGURE 2. Average movement duration for upward (A) and downward (B) movements. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors and are emphasized with a gear sign. Error bars show the standard error of mean. *p < 0.05, **p < 0.01, ***p < 0.001.



The gravitational changes had a significant effect on the duration of movement. This was confirmed by the analysis of variance that showed a main effect of gravity on the movement duration for both upward (F(2,312) = 61.72, p < 0.001) and downward (F(2,302) = 16.78, p < 0.001) movements. Additionally, there was a significant interaction between gravity and compensation for both the upward (F(2,312) = 18.32, p < 0.001) and downward (F(2,302) = 4.79, p = 0.009) movements.

Post hoc analyses showed that upward movements in microgravity took a longer time compared to movements in normogravity (Table 1). On the other hand, movements in hypergravity took less time compared to movements in normogravity which was statistically significant for both upward and downward movements.

TABLE 1. Post hoc analysis of movement duration.
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Local gravity compensation decreased movement duration in microgravity and increased it in hypergravity, however, this was only statistically significant for the upward movements (Table 1).

The impact of local gravity compensation resulted in values for movement duration during microgravity and hypergravity that were closer to the values observed in normogravity. Post hoc analysis showed no statistical differences between hypergravity with local gravity compensation and normogravity for upward movements, as well as no statistical difference between microgravity with local gravity compensation and normogravity for downward movements. Additionally, the movement duration of movements with local gravity compensation in microgravity was reduced compared to movements without local gravity compensation, yet still remained longer than the movement duration for movements in normogravity.



Accuracy

To investigate the accuracy of pointing, we looked at the location of the hits on the screen on which the targets were displayed (Figure 3). The absolute deviations of the hits with respect to the target location for each combination of gravity and compensation conditions, averaged for all targets, are shown in Figures 4A,D. Moreover, the signed deviations of the hits for the individual targets are shown separately in Figures 4B,E for microgravity, and in Figures 4C,F for hypergravity. All statistical analyses for accuracy were performed on signed deviation values.
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FIGURE 3. Distributionof hits around the target points from a representative subject for upward (A) and downward (B) movements. Gray circles represent the target area. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors.
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FIGURE 4. Average absolute deviations for upward (A) and downward (D) movements. Signed deviations for every target in microgravity (B,E) and hypergravity (C,F) for upward and downward movements, respectively. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors and are emphasized with a gear sign. Error bars show the standard error of mean. ***p < 0.001.



The analysis of variance revealed a main effect of gravity on accuracy for both upward (F(2,312) = 61.72, p < 0.001) and downward (F(2,302) = 19.96, p < 0.001) movements. Moreover, there was a significant interaction between gravity and compensation on signed deviation of the hits for the upward (F(2,312) = 18.60, p < 0.001) and downward (F(2,302) = 5.29, p = 0.005) movements.

Accuracy of movements in microgravity and hypergravity slightly decreased compared to movements in normogravity, which is shown as the increase in absolute deviations. Notably, post hoc analysis showed a significant difference in accuracy between the normogravity and hypergravity conditions for the upward movements (Table 2). Upward movements in hypergravity had a negative signed deviation that clearly shows an undershoot in pointing movements (Figure 4C). However, there was no statistical difference in the accuracy of downward movements between hypergravity and normogravity, as well as in the accuracy of both the upward and downward movements between microgravity and normogravity.

TABLE 2. Post hoc analysis of signed deviations of the hits.
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Post hoc analysis showed an increase in the signed deviation for upward movements in hypergravity with local gravity compensation compared to movements in hypergravity without compensation (Table 2). This resulted in eliminating the undershoot observed in upward movements in hypergravity without compensation. Comparison between movements in hypergravity with local gravity compensation and normogravity revealed no statistical differences for both directions of movement. Additionally, there was a decrease in the signed deviation for the downward movements in microgravity with local gravity compensation compared to movements in microgravity without compensation. The location of the hits of movements in microgravity with local gravity compensation was closer to the center of the target. Comparison between movements in microgravity with local gravity compensation and normogravity showed a statistical difference for downward movements and no statistical difference for upward movements (Table 2).



Movement Trajectory

To investigate the effects of environmental gravity, the direction of movement, and local gravity compensation on the shape of the arm movements, we looked at the trajectory curvature. By comparing the arm movement trajectories in microgravity with those in normogravity irrespective of local gravity compensation, we observed larger curvatures towards the trunk for the upward movements and lower curvatures for the downward movements (green vs. blue shaded lines in Figures 5A–C). On the other hand, by comparing the shapes of trajectories in hypergravity with those in normogravity, we observed similar curvatures for the upward movements and smaller curvatures for the downward movements (green vs. red shaded lines in Figures 5D–F).
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FIGURE 5. Average trajectories, normalized in the vertical direction, for upward (A) and downward (D) movements. Maximal deviation of trajectories (max x) for every target in microgravity (B,C) and hypergravity (E,F) for upward and downward movements, respectively. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors and with dotted lines. Error bars show the standard error of mean.



The analysis of variance showed a main effect of gravity on the curvature for both upward (F(2,312) = 41.27, p < 0.001) and downward (F(2,302) = 86.21, p < 0.001) movements. Moreover, we investigated the effects of local gravity compensation on the movement trajectories in both microgravity and hypergravity. The analysis of variance revealed a significant interaction between gravity and compensation on trajectory curvature for both upward (F(2,312) = 12.91, p < 0.001) and downward (F(2,302) = 9.36, p = 0.001) movements.

Looking at the movements without the local gravity compensation, post hoc analysis showed that there was a significant difference between normogravity and microgravity conditions for both movement directions and between normogravity and hypergravity conditions for the downward movements (Table 3).

TABLE 3. Post hoc analysis of trajectory curvatures.

[image: image]

Local gravity compensation significantly decreased the curvature of the movements in microgravity in both directions (blue shaded lines in Figures 5A–C), but on the other hand, the curvature of movements in hypergravity remained largely unchanged (red shaded lines in Figures 5D–F). Comparison of trajectory curvatures during local gravity compensation with those in normogravity revealed no statistical differences between normogravity and microgravity and between normogravity and hypergravity conditions for the upward movements and significant differences between the same conditions for the downward movements (Table 3).

To get a further insight into the changes of the arm movements, we looked at the rTPV which characterizes the symmetry of the trajectories. Figure 6 shows the velocity profiles and rTPV for all combinations of gravity and compensation conditions and for both movement directions. Mean rTPV in normogravity for the upward movements was 0.44 ± 0.01 and 0.47 ± 0.01 for the downward movements. The analysis of variance showed no main effect of gravity (F(2,312) = 1.52, p = 0.220) and no interaction between gravity and compensation (F(2,312) = 1.63, p = 0.197) on rTPV of the upward movements. However, there was a main effect of gravity (F(2, 302) = 8.52, p < 0.001) and an interaction between gravity and compensation (F(2,302) = 3.66, p = 0.027) on rTPV of the downward movements, yet the post hoc tests showed no statistically significant differences for the relevant comparisons.
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FIGURE 6. Average absolute velocity profiles for the upward (A) and downward (C) movements together with the average rTPV for all gravity conditions for the upward (B) and downward (D) movements. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors and are emphasized with a gear sign. Error bars show the standard error of mean.





Muscle Activity

We recorded EMG of the major shoulder muscles: deltoid anterior, deltoid posterior, trapezius, and pectoralis (Figure 7). To determine whether environmental gravity, the direction of movement, and local gravity compensation have an effect on the muscular effort, we calculated the iEMG for each arm movement (Figure 8).
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FIGURE 7. Normalized EMG signals for all muscles across different gravitational and compensation conditions. This data corresponds to one representative subject for the target furthest away in the upward direction.
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FIGURE 8. Normalized iEMG of deltoid anterior (A,E), deltoid posterior (B,F), trapezius (C,G), and pectoralis (D,H) for upward and downward movements, respectively. Blue-shaded colors represent movements in microgravity, green-shaded colors represent movements in normogravity while red-shaded colors represent movements in hypergravity. Conditions with local gravity compensation are shown in light colors. Squares denote upward movements and circles denote downward movements. Error bars show the standard error of mean. *p < 0.05, **p < 0.01, ***p < 0.001.



The analysis of variance revealed a significant main effect of gravity on iEMG of the upward movements for deltoid anterior (F(2,33) = 75.81, p < 0.001), deltoid posterior (F(2,33) = 27.67, p = 0.001) and trapezius (F(2,33) = 45.55, p < 0.001), but not for pectoralis (F(2,32) = 3.08, p = 0.06). There was a significant main effect of gravity on iEMG of the downward movements for deltoid anterior (F(2,32) = 41.74, p < 0.001), deltoid posterior (F(2,32) = 16.27, p < 0.001) and trapezius (F(2,32) = 26.23, p < 0.001), but again not for pectoralis (F(2,31) = 2.43, p = 0.10). With the exception of pectoralis, iEMG decreased in microgravity and increased in hypergravity compared to normogravity for movements in both directions. Specific comparisons are given in Table 4. The analysis of variance further revealed interaction between gravity and compensation on iEMG of the upward movements for deltoid anterior (F(2,33) = 28.23, p < 0.001), deltoid posterior (F(2,33) = 14.16, p = 0.001), and trapezius (F(2,33) = 14.91, p < 0.001), but not for pectoralis (F(2,32) = 0.20, p = 0.82). Similarly, there was an interaction between gravity and compensation for iEMG of the downward movements for deltoid anterior (F(2,32) = 10.02, p < 0.001), deltoid posterior (F(2,32) = 8.19, p = 0.001) and trapezius (F(2,32) = 5.96, p = 0.006), but not for pectoralis (F(2,31) = 0.41, p = 0.67).

TABLE 4. Post hoc analysis of iEMG.
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Comparing the iEMG during local gravity compensation in microgravity and hypergravity with iEMG during normogravity (Table 4) indicates that, with an exception of trapezius during the upward motion, local gravity compensation largely mitigates the effects of altered environmental gravity on the muscular effort of the major shoulder muscles.




DISCUSSION

The main purpose of this study was to investigate if local gravity compensation could mitigate the well-known changes to arm movements caused by novel gravitational environments (Tafforin et al., 1989; Bock et al., 1992, 1996; Fisk et al., 1993; Berger et al., 1997; Papaxanthis et al., 2005; Ritzmann et al., 2019). In fact, the altered environmental gravity during our experiment significantly affected most of the observed parameters of arm movements with respect to normogravity. Our method of local gravity compensation was able to mitigate some of these changes in the observed parameters caused by the novel gravitational environment.


Changes Due to Novel Environmental Gravity

We first identified the changes in movements caused by unfamiliar environmental gravity. With respect to the movements in normogravity, most of the observed parameters, e.g., the movement duration, accuracy, shape of the trajectory, and muscle activity were significantly changed. The only parameter that was not affected by the altered environmental gravity was movement symmetry.

We observed changes in movement duration that are consistent with previous studies that showed increased movement duration in microgravity (Tafforin et al., 1989; Berger et al., 1997; Papaxanthis et al., 2005) and decreased movement duration in hypergravity (Bock et al., 1996) compared to normogravity. During microgravity, participants did not feel the weight of the tactile stylus as well as the weight of their arm. The sensorimotor system could have misunderstood the absence of weight as the absence of the stylus’s mass which resulted in reduced motor commands. The unchanged mass and reduced acceleration consequentially lead to a longer movement duration. During hypergravity, participants felt an increased weight of the tactile stylus and their arm. Increased motor commands, therefore, lead to shorter movement duration.

The accuracy of pointing movements in microgravity was not affected, while accuracy in hypergravity worsened. There was a decrease of pointing accuracy in hypergravity compared to the accuracy in normogravity, however, it is significantly different only for the upward movements. To a certain degree, this is consistent with the studies that showed decreased accuracy (Fisk et al., 1993) and pointing precision (Bock et al., 1992) of movements in hypergravity. There was an undershoot observed during the upward movements in hypergravity. Participants tended to point lower with respect to the center of the target. This might be due to the under compensation of the extra weight that the participants experienced at the hand or due to the lower responses in hypergravity. In contrast to hypergravity, microgravity did not affect the accuracy. The duration of movements was longer compared to the duration of movements in normogravity. Consequently, the prolonged feedback likely helped with accuracy.

Changes in the environmental gravity had a significant effect on the shape of the movement trajectory. Upward movements in microgravity had a larger curvature while downward movements had a smaller curvature towards the trunk compared to movements in normogravity. Similar changes were previously observed in upward and downward arm movements, where movement trajectory in microgravity shifted away from the trunk for upward movements and closer to the trunk for downward movements compared to movements in normogravity (Papaxanthis et al., 1998).

On the other hand, upward movements in hypergravity had a comparable curvature to upward movements in normogravity while downward movements had a smaller curvature than downward movements in normogravity and, interestingly, similar to those in microgravity.

Muscle activations were lower during the arm movements in microgravity and higher in hypergravity with respect to the corresponding muscle activations in normogravity. This is in line with a previous study where they showed that increased environmental gravity increases EMG amplitudes (Ritzmann et al., 2019). Changes in muscle activations were observed in deltoid anterior, deltoid posterior, and trapezius for movements in both directions. During microgravity, the weight of the participant’s arm and stylus was reduced therefore the muscle activity needed for the movement was lower. On the contrary, the weight of the arm and stylus in hypergravity was increased and the muscle activity needed for a successful movement was also increased. However, there were no changes in the muscle activity of the pectoralis, probably because it acts primarily perpendicular to the gravitational vector.



Effects of Local Gravity Compensation

We further verified the effects of the local gravity compensation approach on arm movement characteristics, and whether such compensation could mitigate the effects of altered environmental gravity on motor control. Additionally, we wanted to check whether movement symmetry, which was not affected by altered environmental gravity would be affected by local gravity compensation. The use of local gravity compensation significantly affected arm movements with respect to the same gravity conditions without compensation. Specifically, it affected movement durations of upward movement, improved overall accuracy of movements, and restored muscle activations to values observed in normogravity. On the other hand, movement symmetry, which was not affected by changed environmental gravity was not affected by local gravity compensation and remained the same as in normogravity.

With respect to uncompensated movements, movements in microgravity with local gravity compensation took less time, while movements in hypergravity took a longer time. When compared to movements in normogravity, movements with local gravity compensation had similar movement duration for both microgravity and hypergravity conditions. This shows the effectiveness of local gravity compensation in regards to restoring movement duration observed in normogravity. We presume that, by applying the external force with the motors, the proprioceptive feedback was augmented and participants were better able to estimate the mass of the stylus and their arm. Motor commands were, therefore, neither reduced nor increased, which resulted in similar movement duration as for the normogravity condition. This shows that proprioceptive feedback contributes indispensable information for generating suitable motor commands and should therefore not be underestimated.

Movements in microgravity with local gravity compensation had similar accuracy while movements in hypergravity were more accurate compared to uncompensated movements. When compared to movements in normogravity, the accuracy of movements with local gravity compensation was similar or even improved. Local gravity compensation improved the accuracy in hypergravity, especially for the upward movement. Gravity compensation compensated for the extra weight and the movements likely became easier to perform. On the other hand, there was no statistical difference in signed deviations between movements in normogravity and microgravity, however local gravity compensation still had an effect on the accuracy of movements in microgravity. Movements in microgravity with local gravity compensation had smaller signed deviations compared to movements in microgravity without compensation as well as compared to normogravity, meaning that in microgravity participants tended to point closer to the target when local gravity compensation was provided. Moreover, differences between targets mostly disappeared which could be an additional benefit of gravity compensation that we used. Local gravity compensation in microgravity added a downward force which might be a reason why hit dispersions shifted downwards and closer to the center of the target. Another possibility is that participants were able to easily dissociate the effects of local gravity compensation and its effects on the movement control and take advantage of it.

Both upward and downward movements in microgravity with local gravity compensation had a smaller curvature compared to movements in microgravity without compensation. On the other hand, movements in hypergravity with local gravity compensation had a similar curvature as movements in hypergravity without compensation. When compared to movements in normogravity, upward movements with local gravity compensation in microgravity as well as in hypergravity had similar curvatures. Downward movements with local gravity compensation in both microgravity and hypergravity had smaller curvature compared to movements in normogravity. Local gravity compensation affected the shape of the trajectory in microgravity but not in hypergravity. In microgravity, local gravity compensation reduced the curvatures of both upward and downward movements. We can conclude that local gravity compensation had an effect on the movement trajectories but did not mitigate the changes due to the altered environmental gravity.

The only parameter that was not affected by altered environmental gravity was movement symmetry. Velocity profiles as well as rTPV, for both conditions with local gravity compensation compared to normogravity condition, showed no undesired effects of using gravity compensation during unfamiliar environmental gravity.

Lastly, muscle activations in microgravity and hypergravity were significantly affected by the decreased or increased gravitational forces exerted on the limb. Our method of compensation restored normal gravitational constraints at the shoulder joint by adding or subtracting the appropriate amount of torque. The beneficial use of gravity compensation was previously observed in rehabilitation systems with arm-weight support where they reduced muscle activity and preserved muscle synergies (Prange et al., 2009; Coscia et al., 2014). Our results show how local gravity compensation could be used to restore normal gravity muscle activations while preserving muscle synergies in novel gravitational environments.



Conclusion

It has been previously hypothesized and showed that the central nervous system contains an internal representation of gravitational torques used for sensorimotor predictions (Gentili et al., 2009). Additionally, due to our evolutionary process, motor commands are optimized with respect to the effect of gravity on our body (Berret et al., 2008; Crevecoeur et al., 2009; Gaveau and Papaxanthis, 2011). By restoring the shoulder torque and consequently muscle activations to normogravity levels, we provided the CNS with additional proprioceptive information, and reestablished a more familiar environment, in order to prepare an appropriate motor plan for executing the movements necessary to complete the task. This resulted in more comparable movement durations with respect to the normogravity as well as improved accuracy of performing the task. Our results further confirmed the findings from Bringoux et al. (2012), where they showed normal gravity arm torque contributes to appropriate motor planning.

The improvement however was not complete, since there was still some sensory conflict between the proprioceptive feedback from the arm and the information gathered from the vestibular system. Moreover, the gravitational compensation was induced by vertical forces that only acted on a single part of the arm and were not distributed over the whole upper limb. This could be the reason why gravity compensation did not mitigate the changes to the shape of the trajectory and why some observed parameters, despite the improvement, did not reach the same values as in normogravity. Nevertheless, the proprioceptive feedback appears to have high importance in generating appropriate motor planning, since we saw significant changes in the movement parameters with local gravity compensation during which, the vestibular system was still experiencing microgravity or hypergravity effects.

We showed how a local gravity compensation system could be effectively used to mitigate undesired effects while performing motion in altered gravitational levels. We showed that local gravity compensation significantly alleviates the deviations of movement duration and muscle activations due to the altered environmental gravity and improves the accuracy of pointing. Overall, the results of our study strongly suggest that local compensation systems have a high potential to assist humans during movements in environments where gravity is different from what we daily experience on Earth.
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Sleep in 21-Day Dry Immersion. Are Cardiovascular Adjustments Rapid Eye Movement Sleep-Dependent?
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Introduction: A decrease in sleep quality and duration during space missions has repeatedly been reported. However, the exact causes that underlie this effect remain unclear. In space, sleep might be impacted by weightlessness and its influence on cardiovascular function. In this study, we aimed at exploring the changes of night sleep architecture during prolonged, 21-day Dry Immersion (DI) as one of the ground-based models for microgravity studies and comparing them with adaptive changes in the cardiovascular system.

Methods: Ten healthy young men were exposed to DI for 21 days. The day before (baseline, B-1), on the 3rd (DI3), 10th (DI10), and 19th (DI19) day of DI, as well as in the recovery period, 1 day after the end of DI (R + 1), they were subjected to overnight polysomnography (PSG) and ambulatory blood pressure monitoring.

Results: On DI3, when the most severe back pain occurred due to the effects of DI on the spine and back muscles, the PSG data showed dramatically disorganized sleep architecture. Sleep latency, the number of awakenings, and the duration of wake after sleep onset (WASO) were significantly increased compared with the B-1. Furthermore, the sleep efficiency, duration of rapid eye movement sleep (REM), and duration of non-rapid eye movement stage 2 decreased. On DI10, subjective pain ratings declined to 0 and sleep architecture returned to the baseline values. On DI19, the REM duration increased and continued to rise on R + 1. An increase in REM was accompanied by rising in a nighttime heart rate (HR), which also shows the most significant changes after the end of DI. On DI19 and R + 1, the REM duration showed opposite correlations with the BP parameters: on DI19 it was negatively associated with the systolic BP (SBP), and on R + 1 it was positively correlated with the diastolic BP (DBP).

Conclusion: An increase in REM at the end of DI and in recovery might be associated with regulatory changes in the cardiovascular system, in particular, with the reorganization of the peripheral and central blood flow in response to environmental changes.

Keywords: dry immersion, sleep, arterial blood pressure, cardiovascular system, rapid eye movement sleep, cortisol


INTRODUCTION

A decrease in sleep quality and quantity during space missions has repeatedly been reported (Polyakov et al., 1994; Gundel et al., 1997; Barger et al., 2014). Already the first studies using polysomnography (PSG) in space showed alterations in sleep architecture (Frost et al., 1975, 1976; Gundel et al., 1997). For example, PSG recordings performed aboard the Russian space station Mir showed a decreased total sleep time. In addition, the sleep architecture was significantly altered: the latency of rapid eye movement sleep (REM) was shorter, and slow-wave sleep (SWS) was redistributed from the first to the second sleep cycle (Gundel et al., 1997). However, the exact causes that underlie this effect remain unclear.

Exposure to weightlessness is accompanied by profound changes in most physiological systems, including disturbances in the sensorimotor, skeletal, and muscular systems, and, first of all, changes in the cardiovascular system (LeBlanc et al., 2000; Eckberg, 2003). In space, weightlessness immediately induces an upward fluid shift (Thornton and Hoffler, 1977). This fluid shift initiates subsequent changes in the cardiovascular system, including changes in the arterial and venous hemodynamics and vascular tone (Gazenko, 1984; Norsk et al., 2015). The redistribution of fluids also includes a decrease in the plasma volume (Watenpaugh and Hargens, 1996). Thus, cardiovascular deconditioning caused by weightlessness might be one of the predisposing factors for sleep disturbance.

Under the conditions of gravity, one of the most comparable models of weightlessness in terms of physiological effects is Dry Immersion (DI) (Tomilovskaya et al., 2019). The immersion is called “dry” because a waterproof film separates the subject from water. Since its development, DI has been the basic model in Russia for studying microgravity effects. The DI reproduces three main effects of weightlessness: physical inactivity, support withdrawal, and elimination of the vertical vascular gradient. Like weightlessness, the DI causes central hypervolemia with a subsequent decrease in the plasma volume and associated increased diuresis (Leach Huntoon et al., 1998; Noskov et al., 2011). The DI also reproduces vertebral deconditioning repeatedly reported after spaceflight (Treffel et al., 2020).

The first study on the effects of DI on sleep quality was based on an analysis of subjective reports of participants (Slonov et al., 2017). Subjective ratings showed disturbed sleep in the first days of DI when volunteers experienced back pain due to spinal lengthening. However, after 3–4 days of DI, they complained less about pain and discomfort and noted better sleep quality. Unfortunately, PSG studies of sleep in DI have not been carried out yet, and the effects of DI on sleep architecture remain unstudied so far.

Therefore, based on the literature data, we hypothesized that after the first days of DI sleep gradually becomes consolidated and, using PSG in prolonged, 21-day immersion, specific effects of hypogravity on sleep architecture might be investigated. Considering the stress-protecting role of sleep (Vgontzas et al., 2000), we decided to determine whether any feature of sleep architecture could be associated with cardiovascular adjustments during acclimation to the DI and recovery.



MATERIALS AND METHODS


Participants

After providing written informed consent 10 healthy male volunteers aged from 23 to 34 (mean age 29.3 ± 3.8 years; height 176.4 ± 3.8 cm; weight 71 ± 10.6 kg; body mass index 22.7 ± 2.7) participated in the study. All participants had no history of cardiovascular disease and took no medication. The study was conducted in accordance with the declaration of Helsinki. The protocol was approved by the ethics commissions of the Institute of Biomedical Problems (Moscow) (protocol no. 483 dated August 3, 2018).

Study eligibility was determined via written questionnaires about sleep quality, habitual sleep time, daytime sleepiness, physical and mental health, medication use, and health behaviors (e.g., smoking, alcohol consumption, and work and study schedules). The exclusion criteria included a history of head injury, chronic or acute illness, current medication of any kind, alcohol or drug abuse, smoking, shift work, excessive daytime somnolence, sleep complaints, and the presence of any oral inflammatory processes with or without evident bleeding. Participants were required to maintain a strict regular sleep-wakefulness schedule for 7 days prior to Dry Immersion start with bedtimes between 23:00 and 24:00 h, wake-up times between 07:00 and 08:00 h, as well as refrain from taking naps during the day.



Study Design

The DI was performed with the use of specialized waterproof and highly elastic fabric. A participant of the study wearing a T-shirt and trunks was put on waterproof fabric and immersed into a deep bath up to the neck in a supine position. The area of the fabric surface considerably exceeded those of the water surface. The folds of the waterproof fabric allowed the person body to be enveloped from all sides freely. During the DI exposure, the participants were placed individually in a supine position in a bath with dimensions of 200 × 100 × 100 cm. The bath was filled with water at the temperature maintained constant at 33 ± 0.5°C. The daily routine was specified following the schedule of studies, including night sleep, 3 meals, a medical supervision program, and experimental studies without daytime naps (a schedule of the day preceding polysomnography is presented in Supplementary Material). The research participants were taken out of the DI for 15–20 min each day for sanitary and hygienic procedures by the use of a specialized lift rising from the bottom of the bath.

Objective sleep architecture evaluation was performed by overnight polysomnography (PSG) at the baseline 1 day before the start of DI (B-1), at the 3rd (DI3), 10th (DI10), and 19th (DI19) days of DI, as well as after the first day of recovery (R + 1). Nighttime blood pressure (BP) monitoring and electrocardiogram (ECG) recordings were conducted simultaneously with the PSG. Measurements started 30 min before the time for lights out and ended 1 h after lights were on.

On the B-1 and R + 1, taking into account individual preferences, the time for lights out ranged from 23.00 to 24.00 and the time for lights on was from 07.00 to 08.00. During all 21 days of DI, the time for lights out ranged from 22.30 to 23.30 and that for lights on from 07.30 to 08.30. Thus, the sleep opportunity on the B-1 and R + 1 was 8 h and during DI it was 9 h. Sleep opportunity was longer during DI, considering the participants needed longer time in bed to recover due to discomfort associated with the DI procedure (e. g., increased urination, including at night).



Signal and Data Acquisition and Analysis


Polysomnographic Data Acquisition and Scoring

PSG recordings were performed using a Neuron-Spectrum digital EEG amplifier (Neurosoft Company, Ivanovo, Russia) with a sampling rate of 250 Hz. The PSG recordings included an EEG (F3, F4, C3, C4, O1, and O2 placed in accordance with the International 10–20 System), electrooculogram, electromyogram, airflow, thoracic, and abdominal movements. Polysomnograms were scored offline by two scorers who were blinded to the experimental conditions. Visual scoring of every 30-s epoch of PSG recording as wakefulness, non-rapid eye movement sleep (NREM) stage N1, N2, N3 (slow-wave sleep/SWS), or REM was performed according to the standard AASM criteria (Iber et al., 2007). The interscorer reliability was > 93.5%. The PSG variables analyzed included sleep onset latency, the latency of SWS, the latency of REM, total sleep time (TST), number of awakenings, wakefulness after sleep onset (WASO), sleep period time (SPT), and sleep efficiency. The SPT was measured as the period beginning from the moment when the participant fell asleep and ending at the last wake-up, including the duration of awakenings. The sleep efficiency was calculated as a percent value of TST referred to as time in bed (TIB). We also used N1, N2, SWS, and REM durations as a percentage of SPT.



Cardiovascular Monitoring

For the BP measuring we used a BpLab ambulatory BP monitor (Nizhny Novgorod, Russia). A cuff was applied to the volunteer left shoulder connected by a flexible hose to the device attached to the waist belt. Measuring was carried out every 60 min. An analysis of the BP data was performed using the BpLab software.

The ECG recording (Holter ECG monitoring) was carried out in three leads using a HolterLive portable wireless monitor (Softest ATE Ltd., Kursk). Electrodes were fixed in the projection of the apex of the heart. An analysis of the ECG data was performed using an original software.

For statistical analysis, we used BP and HR values averaged over the whole night.



Glucocorticoid Measurements

Samples of mixed saliva for analysis of cortisol levels were collected in Salivette® tubes (Sarstedt, Germany) on the days of polysomnography two times a day: in the evening 30 min before the time for lights out and in the morning after awakening. The samples were immediately centrifuged and stored at –80°C. After thawing, aliquots were analyzed by enzyme-linked immunosorbent assay (ELISA) using commercial test systems [Diagnostics Biochem Canada Inc. (DBC)].



The Subjective Pain and Discomfort Assessment Instruments

The subjects were asked about the localization of pain and its intensity using the Digital Rating Scale method (NRS) (Karoly and Jensen, 1987). The digital rating scale consists of 11 points: from 0, no pain; to 10, pain that cannot be tolerated. Measurements were performed within 7 days before the start of the experiment, daily during DI exposure (three times a day with subsequent averaging), and 2, 24, 48, and 72 h after the end of DI. As the baseline values, we used averaged values obtained over 7 days before the DI start. We compared them with the daily data during DI and daily data in the recovery.



Statistical Analysis

The data analyses were performed using the Statistica 10 software (Stat Soft. Inc., Tulsa, OK, United States). The data were evaluated for a normal distribution using the Kolmogorov–Smirnov test. A repeated-measures analysis of variance (rANOVA) was conducted to examine differences in the PSG, heart rate, blood pressure (BP), and cortisol concentrations. For post hoc analyses, the Fisher LSD test was performed. The Wilcoxon test was used to compare the data that were not normally distributed. Pearson’s correlation analysis was conducted to assess the correlations between the BP, heart rate, and REM duration. The statistical significance was set at p < 0.05 (Lang and Secic, 2016).



RESULTS

On DI3, the PSG data showed dramatically disorganized sleep (Table 1). Unfortunately, when analyzing the data, we found that on DI3, some study participants had short sleep episodes after the wake time, which occurred within 1 h after lights on. It was a private time for our participants, and they were not strictly controlled at this period. Thus, the TIB on DI3 exceeded the TIB in other DI sessions. Despite this, we decided not to exclude these data from the analysis since they are also an essential feature of sleep in DI. When compared with the baseline, on DI3 there was a significant increase in the number of awakenings [F(4, 36) = 4.70, p = 0.004; post hoc relative to the B-1: p = 0.002], WASO [F(4, 36) = 6.52, p < 0.001; post hoc relative to the B-1: p < 0.001], sleep latency [F(4, 36) = 3.85, p = 0.011; post hoc relative to the B-1: p = 0.004], and a decrease in sleep efficiency [F(4, 36) = 2.14, p = 0.096; post hoc relative to the B-1: p < 0,010]. Also we found a statistically significant increase in SWS on DI3 compared with the B-1 (p < 0.033) and R + 1 [p < 0.002, F(4, 36) = 3.53, p = 0.016]. However, since the time in bed on DI3 was the longest, an analysis of percentages seems to be more appropriate. An analysis of the sleep stage durations as a percentage of SPT showed that on DI3 the percentage of REM [F(4, 36) = 8.71, p < 0.001; post hoc relative to the B-1: p = 0.004] and N2 [F(4, 36) = 6.10, p = 0.001; post hoc relative to the B-1: p = 0.002] were significantly lower than those in the baseline (Figure 1). On DI10, sleep, on the whole, returned to the baseline values: the number of awakenings and WASO were still slightly increased but no longer differed significantly from the B-1. On DI19, most of the PSG characteristics were comparable to the baseline values. Except for the REM percentage, which increased and became marginally significantly higher than that on B-1 (p = 0.084), and significantly higher than that on DI10 (p = 0.043). On R + 1, the PSG data showed a high sleep efficiency: WASO, the number of awakenings, and sleep latency did not differ from the baseline, and the percentage of N1 was even significantly lower than that on B-1 (p = 0.022). At the same time, the REM percentage was increased (post hoc relative to the B-1: p = 0.039; relative to the DI3: p > 0.001; and relative to the DI10: p = 0.019), and the SWS percentage reduced (post hoc relative to the DI19: p = 0.027).


TABLE 1. Mean values of polysomnographic data in all sessions.
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FIGURE 1. Changes in the sleep architecture characteristics during 21-day Dry Immersion and recovery from it. (A) NREM stage 1, stage 1 of non-rapid eye movement sleep. (B) NREM stage 2, stage 2 of non-rapid eye movement sleep. (C) SWS, slow-wave sleep. (D) REM, rapid eye movement sleep. B-1, the day before dry immersion, DI3, DI10, DI19, on the 3rd, 10th, and 19th days of dry immersion, respectively, R + 1, 1 day after the end of dry immersion. The data presented are a percentage of the sleep period time, means ± SEM. Intersession differences were examined using the post hoc Fisher LSD test. ∗, ∗∗, ∗∗∗ represent significance p < 0.05, p < 0.01, p < 0.001, respectively. Photo of the volunteer during the ambulatory blood pressure monitoring and polysomnography recording in 21-day Dry Immersion. Photo by O.G. Voloshin (IBMP).


To assess the impact of pain and discomfort occurred during acclimation to DI, we analyzed volunteers’ self-reports on the severity of the pain syndrome (Figure 2). The reports showed that during the first 3 days of DI, the pain intensity was the highest, reaching (for some volunteers) 8 points on a 10-point scale. However, already on the 8th day of DI, it decreased to zero for all participants and did not rise again until the end of DI.
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FIGURE 2. Changes in the subjective pain intensity (in points) and pain localization during 21-day Dry Immersion (DI). BDC, averaged values obtained during 7 days before DI starts; DI1, averaged values obtained on the 1st day of DI; DI2, averaged values obtained on the 2nd day of DI, etc.; R + 0, values obtained 2 h after the end of DI; R + 1, values obtained 24 h after the end of DI, etc.


The DI did not significantly affect salivary cortisol in both morning and evening samples (Figure 3). However, on R + 1, an increase in evening cortisol was found [F(4, 36) = 1.46, p = 0.234; post hoc compared to DI10: p = 0,038; also post hoc shows marginally significant difference relative to B-1: p = 0.083].
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FIGURE 3. Changes in the morning (A) and evening (B) cortisol during 21-day Dry Immersion and recovery. B-1, the day before dry immersion; DI3, DI10, and DI19, on the 3rd, 10th, and 19th days of dry immersion, respectively; R + 1, 1 day after the end of dry immersion. Intersession differences were examined using the post hoc Fisher LSD test. ∗, represent significance p < 0.05.


The average night systolic blood pressure (SBP) significantly decreased by DI10 [F(4, 36) = 5.56, p = 0.001, post hoc relative to B-1: p = 0.021; relative to DI3: p = 0.001] and remained low on DI19 (relative to B-1: p = 0.025; relative to DI3: p = 0.001), and also on R + 1 (relative to B-1: p = 0.029; relative to DI3: p = 0.001) (Figure 4A). The average night diastolic BP (DBP) increased by DI3 [F(4, 36) = 8.73, p < 0.001, post hoc relative to B-1: p = 0.007] but decreased on DI10 (relative to DI3: p < 0.001) and continued to decrease on R + 1 (relative to B-1: p = 0.013; relative to DI3: p < 0.001) (Figure 4B). The HR averaged over the whole night did not change significantly at the beginning of DI: its values on DI3 and DI10 were comparable to the baseline values. However, there was a significant increase in HR on DI19 [F(4, 36) = 15.34, p < 0.001, post hoc relative to B-1: p = 0.045], and the most pronounced rise in HR was found on R + 1 (relative to B-1: p < 0.001; relative to DI3: p < 0.001; relative to DI10: p < 0.001, and relative to DI19: p < 0.001) (Figure 4C).
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FIGURE 4. Changes in the systolic blood pressure (A), diastolic blood pressure (B), and heart rate (C) during 21-day Dry Immersion and recovery. B-1, the day before dry immersion; DI3, DI10, and DI19, on the 3rd, 10th, and 19th days of dry immersion, respectively; R + 1, 1 day after the end of dry immersion. Intersession differences were examined using the post hoc Fisher LSD test. ∗, ∗∗, ∗∗∗ represent significance p < 0.05, p < 0.01, p < 0.001, respectively.


Thus, on DI19 and R + 1, i.e., on the days when an increase in the REM percentage was found, significant changes in BP, HR, and cortisol (only on R + 1) were revealed. To identify more clearly the relations between cortisol, BP, HR, and REM, Pearson’s correlation analysis was performed. The HR and cortisol did not show any significant correlations with PSG data. The BP showed opposite associations with the REM percentage on DI19 and on R + 1: a significant negative correlation was found between the SBP and REM on DI19 (r = –0.78, p = 0.008; Figure 5A); and a positive correlation was observed between the DBP and REM on R + 1 (r = 0.68, p = 0.031; Figure 5B).
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FIGURE 5. Correlations between the rapid eye movement (REM) sleep and blood pressure. (A) Correlation with the systolic blood pressure on DI19, r = –0.78, p = 0.008. (B) Correlation with the diastolic blood pressure on R + 1, r = 0.68, p = 0.031. The correlation coefficients were obtained using Pearson’s correlation analysis.




DISCUSSION

This is the first study on the impact of DI upon sleep quality and architecture. The results suggest that during 21 days of DI and the recovery period after its end the night sleep architecture undergoes significant changes, and these changes are associated with the acclimation of the organism to the changing environment.

The most severe sleep disturbances occurred on DI3: percentages of N2 and REM decreased, whereas the sleep latency, number of awakenings, and WASO increased. This reaction, similar to the insomnia symptoms, might be elicited by the pain syndrome, particularly, by back pain. Subjective reports of the participants showed that they experienced the most severe pain at the first 3 days of DI. At this point, our data is in line with previous observations on morphological changes in the spine occurring at the first 3–4 days of DI (Kozlovskaya et al., 2015; Treffel et al., 2020). Some participants also experienced abdominal pain due to stool retention (Poliakov et al., 2020; Tomilovskaya et al., 2020). All this can provoke a lengthening of sleep latency and unstable, restless sleep with frequent awakenings.

By the 10th day of DI, when subjective pain ratings decreased to zero, most sleep architecture characteristics returned to baseline values and did not differ significantly from the B-1. However, by the end of the DI, against the backdrop of generally undisturbed sleep architecture, there was a significant increase in REM, the percentage of which increased even more at the recovery period. Compared with the non-specific sleep disturbances observed on DI3 and caused by discomfort, REM rise seems to be a specific effect of DI on sleep architecture. In this regard, our data are in line with previous observations pointing to the association of adapting to space flight and recovery from it with changes in REM. In particular, a decrease in the REM latency during the flight (Gundel et al., 1997) and after the flight (Frost et al., 1976) was observed, as well as a longer REM duration in recovery after the mission (Frost et al., 1975, 1976).

How can we explain this REM response to gravity changes? Probably, it can be a part of regulatory processes aimed at acclimating to the changing environment. In particular, changes in the cardiovascular system leading to the modification of the peripheral and central blood flows in DI and after it. As we know, during the first days of being in microgravity, there is an increase in the blood filling of the upper half of the body with an increased venous return to the right atrium (Noskov, 2011). Receptors located in this zone initiate a decrease in the circulating plasma and extracellular fluid volumes leading to body hypohydration (Leach et al., 1996; Noskov et al., 2011). Therefore, the observed increase in DBP on DI3 and its decrease on DI10 reflects the adjustment of the circulatory system to new conditions. After DI completion, the return of normal gravity and verticalization of the posture triggers the processes of readaptation aimed at increasing the volume of circulating plasma and, as a consequence, increasing BP. Thus, we can assume that REM is associated with circulatory adjustments to changed conditions.

This assumption is supported by the coincidence of the periods of REM increase with the periods of changes in BP and HR. Moreover, during these periods, namely, on DI19 and R + 1, significant correlations were found between the REM percentage and BP. Intriguingly, these associations were of the opposite sign: on the DI19 REM was negatively associated with SBP, and on the R + 1 it was positively correlated with DBP.

Our results are consistent with the data on the importance of REM for the adjustment of the body to the changing environment, in particular, there is evidence for an increase in the REM duration under stress (Suchecki et al., 2012), including immobilization stress (Rampin et al., 1991). Moreover, it was found that the REM duration was associated with successful coping with stress (Mellman et al., 2002, 2007). In addition, REM has been shown to play a significant role in brain recovery after stroke (Pace et al., 2017).

Thus, our and literature data brings us to the question of whether REM somehow facilitates the ability to adapt to varying environmental conditions. Genetic research showed that many synaptic (Ribeiro et al., 1999; Dumoulin Bridi et al., 2015) and myelin (de Vivo and Bellesi, 2019) plasticity-related genes are upregulated during REM, indicating that REM is the phase of sleep that favors adaptive modifications. On the other hand, the associations between REM and coping with stress or adapting to changed conditions can be explained in terms of the distinctive physiology of REM. This sleep phase is accompanied by intense brain activation and associated increased energy demands (Hobson et al., 2000), making REM dependent on changes in circulating glucose concentrations (Benedict et al., 2009). Thus, REM rise might be just a marker of increased energy metabolism. To answer the question of whether the cardiovascular adjustments are REM-sleep dependent or REM is just an epiphenomenon of some metabolic processes underlying these adjustments, further investigations are needed, including manipulations with REM duration (e.g., selective REM suppression) and assessing its influence on cardiovascular modifications.

If adaptive changes in the cardiovascular system are associated with an increase in the REM duration, why it was not observed on DI3? Probably, this is due to the general sleep disruption during this period caused by pain. It can be assumed that, if the pain was relieved and normal conditions for sleep initiation and maintenance would be restored, an increase in REM might be registered, including the first days of DI.

Unexpectedly, the SWS percentage, the deepest stage of sleep, which did not change throughout the DI, decreased significantly on R + 1 during the period when the most evident increase in REM was found. Deep sleep is vital for the clearance of metabolic waste from the brain (Varga et al., 2016; Ju et al., 2017), and the need for it has been shown to depend on the intensity of motor (Huber et al., 2006) and cognitive (Pugin et al., 2015) activity. Possibly, since both the DI conditions and recovery from it are accompanied by hypokinesia and a rather monotonous cognitive load, they did not increase the need for deep sleep or, under conditions of coping with physical stress, the REM phase of sleep was more important than the SWS, and the SWS/REM ratio could shift toward the latter. A decrease in SWS could also be caused by the rise in cortisol found on R + 1. It was repeatedly shown that glucocorticoids suppressed SWS (Ehlers et al., 1986; Marinesco et al., 1999), whereas REM is more resistant to glucocorticoid action (Suchecki et al., 2012). Interestingly, we did not find any significant changes in morning or evening cortisol on DI3 when our participants experienced the most severe pain. Probably, since they were informed about the discomfort associated with adapting to DI, the pain syndrome experienced was not stressful for the participants.

Some limitations of the present study should be mentioned. The use of the BP and HR values averaged over the whole night determine the first limitation of our study. Considering different sympathovagal balance during REM and NREM sleep (Ako et al., 2003), further investigations are needed for a detailed analysis of the relations between sleep and regulatory processes in the cardiovascular system. In particular, BP and HR analyses in each sleep cycle and during different sleep stages seem appropriate. The second limitation of our study is the relatively small number of subjects tested, which limits the statistical power of conducted analysis and obtained results. Third, there was an extended sleep opportunity during DI. We increased TIB to 9 h to give our participants a chance to catch up on sleep missed due to discomfort associated with the DI procedure. However, in the first days of DI, this extra time was not enough, and on DI3 in some participants, we found short sleep episodes after lights on. Unfortunately, during the DI exposure, it is difficult to standardize TIB. Such specifics of the DI procedure as being in a reclining position and limited motor activity all provoke sudden involuntary falling asleep, especially when the person is sleep-deprived. Finally, although our results suggest that cardiovascular adaptations are associated with an increase in REM duration, future studies are needed to clarify the relationship between these processes.



CONCLUSION

The results suggest that the most severe sleep disturbances occur on DI3 and might be elicited by pain, particularly, back pain. On DI10, when subjective pain ratings decreased to zero, the sleep architecture returned to the baseline values. However, on the DI19, the REM duration increased and continued to rise on R + 1. Compared with non-specific changes observed on DI3, this growth was found against a background of undisturbed sleep and was associated with changes in the cardiovascular parameters. Thus, our data suggest that an increase in REM can be a part of regulatory processes aimed at adapting to the changing environment. Considering the opposite correlations between REM and the BP parameters on the DI19 and R + 1, we may assume that cardiovascular adjustments are associated with REM regardless of their direction.
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Astronauts returning from spaceflight typically show transient declines in mobility and balance. Other sensorimotor behaviors and cognitive function have not been investigated as much. Here, we tested whether spaceflight affects performance on various sensorimotor and cognitive tasks during and after missions to the International Space Station (ISS). We obtained mobility (Functional Mobility Test), balance (Sensory Organization Test-5), bimanual coordination (bimanual Purdue Pegboard), cognitive-motor dual-tasking and various other cognitive measures (Digit Symbol Substitution Test, Cube Rotation, Card Rotation, Rod and Frame Test) before, during and after 15 astronauts completed 6 month missions aboard the ISS. We used linear mixed effect models to analyze performance changes due to entering the microgravity environment, behavioral adaptations aboard the ISS and subsequent recovery from microgravity. We observed declines in mobility and balance from pre- to post-flight, suggesting disruption and/or down weighting of vestibular inputs; these behaviors recovered to baseline levels within 30 days post-flight. We also identified bimanual coordination declines from pre- to post-flight and recovery to baseline levels within 30 days post-flight. There were no changes in dual-task performance during or following spaceflight. Cube rotation response time significantly improved from pre- to post-flight, suggestive of practice effects. There was also a trend for better in-flight cube rotation performance on the ISS when crewmembers had their feet in foot loops on the “floor” throughout the task. This suggests that tactile inputs to the foot sole aided orientation. Overall, these results suggest that sensory reweighting due to the microgravity environment of spaceflight affected sensorimotor performance, while cognitive performance was maintained. A shift from exocentric (gravity) spatial references on Earth toward an egocentric spatial reference may also occur aboard the ISS. Upon return to Earth, microgravity adaptions become maladaptive for certain postural tasks, resulting in transient sensorimotor performance declines that recover within 30 days.

Keywords: spaceflight, balance, mobility, cognition, sensorimotor, microgravity


INTRODUCTION

There are well-documented changes in human sensorimotor performance following spaceflight, including post-flight declines in locomotion, balance, and fine motor control (Thornton and Rummel, 1977; Paloski et al., 1992, 1994; Reschke et al., 1994a,b, 1998; Black et al., 1995; McDonald et al., 1996; Bloomberg et al., 1997; Layne et al., 1997, 1998; Newman et al., 1997; Bock et al., 2003; Campbell et al., 2005; Rafiq et al., 2006). However, the effects of spaceflight on human cognition and other motor behaviors have not been as thoroughly investigated (Strangman et al., 2014; Garrett-Bakelman et al., 2019). Performance of whole-body postural control typically returns to pre-flight levels within approximately 2 weeks of return to Earth (Wood et al., 2015; Ozdemir et al., 2018), however, it is not clear whether the same is true for other sensorimotor or cognitive behaviors.

Vestibular inputs are altered during spaceflight; in particular, otolith (small structures within the inner ear that senses linear accelerations and tilt) signaling of head tilt, which rely upon gravity, is absent and is likely down-weighted (Paloski et al., 1992, 1994; Reschke et al., 1994a,b, 1998; Black et al., 1995, 1999; Clément et al., 2020). The central nervous system adapts to altered vestibular inputs in-flight due to microgravity with as little as 2 weeks spent in spaceflight (Layne et al., 1998). Upon return to Earth, however, these adaptive changes may become maladaptive, resulting in difficulties with whole-body motor control. Post-flight impairments have been reported during locomotion (McDonald et al., 1996; Bloomberg et al., 1997; Layne et al., 1998; Miller et al., 2018; Mulavara et al., 2018), balance (Paloski et al., 1992, 1994; Reschke et al., 1994a,b, 1998; Black et al., 1995, 1999), jumping (Newman et al., 1997), obstacle navigation (Mulavara et al., 2010; Bloomberg et al., 2015), and eye-head coordination (Reschke et al., 2017). Sensorimotor re-adaptation to the Earth’s gravity occurs in the weeks following return, with performance returning to pre-flight levels with about 6 days on a variety of functional tasks (Miller et al., 2018) to 15 days for the functional mobility test (FMT; Mulavara et al., 2010).

In-flight changes in performance of fine motor tasks have also been identified. For instance, astronauts maintained their manual dexterity while performing survival surgery on rats during a Neurolab shuttle mission. However, there was a significant increase in operative time, in some cases taking 1.5–2 times longer than on Earth (Campbell et al., 2005), which may be indicative of a speed-accuracy trade-off or slowing down to avoid compromising in accuracy. Indices of movement variability, reaction time, and movement duration also increased on a hand pointing task executed without visual feedback during Neurolab shuttle missions (Bock et al., 2003), in addition to a significant increase in movement amplitude shortly following landing. During Skylab missions, impairments in reaching and grasping were also documented (Thornton and Rummel, 1977). Additionally, decreases in both force regulation and performance quality while tying surgical knots were identified in the low gravity phase of parabolic flight (Rafiq et al., 2006). Recently, it has been shown that long duration spaceflight results in decreases in fine motor control, as seen by an increase in completion time on a grooved pegboard test (Mulavara et al., 2018). Here we evaluate bimanual motor coordination pre- and post-flight using the bimanual Purdue Pegboard Test, in which astronauts were asked to place small metal pegs into fitted holes as quickly as possible using both hands simultaneously (Tiffin and Asher, 1948).

Several spaceflight stressors have the potential to impact cognition in-flight, including the effects sleep loss, motion sickness, and social isolation. Astronauts anecdotally report so-called “space fog,” which includes attention lapses, short term memory problems, confusion, and psychomotor problems (Clément et al., 2020). To date, empirical evidence for cognitive effects of spaceflight have been equivocal (c.f. Strangman et al., 2014). One study showed crewmembers were better able to mentally rotate the visual image of their environment as their exposure to microgravity increased, yet also a decreased ability in spatial orientation of written letters during the first 5 days in-flight (Clement et al., 1987). The authors posited that the absence of a gravitational reference field (e.g., the ground) may affect the central representation of movements.

Manzey et al. (1995) and Manzey and Lorenz (1998) have also reported declines in crewmembers ability to perform simultaneous cognitive and motor dual-tasking in-flight. The authors suggested that an increased demand for cognitive control of movement in microgravity may interfere with simultaneous cognitive task performance. Deficits in dual-tasking was further supported by Bock et al. (2010), who found higher tracking error inflight in both the single and dual-task conditions as well as higher dual-task cost in a rhythm production reaction-time task compared to a visuospatial reaction-time task and a choice reaction-time task. The authors suggested that there may a scarcity of neural resources required for complex motor programming due to sensorimotor adaptation to microgravity. Dual-tasking deficits in astronauts post-flight were also identified when astronauts performed a tracking task whilst responding and entering numerical codes with their non-dominant hand (Moore et al., 2019). In addition, NASA’s “Twins Study” also showed increased risk-taking on a cognitive task throughout spaceflight, as well as decreased accuracy in a visual object learning task, decreased abstract shape matching, and decreased cognitive speed for all measures on a subset of tasks from the Penn Computer Neurocognitive Battery, except for the digit symbol substitution task post-flight (Garrett-Bakelman et al., 2019). However, the Twins Study only tested one astronaut in-flight and compared performance to that of their Earth-bound twin, and other previous investigations similarly were case studies (Manzey et al., 1995; Manzey and Lorenz, 1998) or had small sample sizes (n = 3; Bock et al., 2010). Thus it remains unclear whether or how cognitive function is impacted by spaceflight. Spaceflight analog environments, such as extended isolation (Stahn et al., 2019) have been shown to reduce spatial cognition. Moreover, head-down tilt bed rest (HDBR) analogs has been shown to result in an overall cognitive slowing (Basner et al., 2021). Moreover, spatial orientation and distance estimation are impaired during both hypergravity and microgravity phases of parabolic flight (Clément et al., 2016). Here we also evaluated performance on a range of cognitive assessments pre- and post-flight.

As NASA’s goals shift from the International Space Station (ISS) to the Moon and Mars, mission duration will increase. It is imperative that we understand how other factors may interact with microgravity to affect sensorimotor and cognitive function, particularly flight duration, age and sex. Exploration missions to Mars’ surface are estimated to take around 30 months in total (Clément et al., 2020), making it important to understand how mission duration interacts with changes in sensorimotor and cognitive function with spaceflight. Associations between mission duration and the magnitude of brain structural changes, free water shifts, and ventricular enlargement have been previously reported (Roberts et al., 2015; Alperin et al., 2017; Hupfeld et al., 2020a). There is also evidence that longer flight duration results in prolonged brain and behavior recovery profiles (Bryanov et al., 1976; Hupfeld et al., 2020a). Flight duration may also be correlated with the magnitude of sensorimotor and cognitive changes that occur with spaceflight, or that effects of flight duration may be due to an interaction of microgravity with isolation and confinement hazards.

As age increases, sensorimotor adaptability declines (Seidler et al., 2010; Anguera et al., 2011). Astronaut training requires years to complete, and the average age for an astronaut at the onset of their first mission is 39.8 (±5.28) years (Smith et al., 2020). It is important to consider the impact of age on behavioral changes with spaceflight; thus we include age as a covariate in all statistical models for exploratory purposes. Sex differences in the effects of microgravity have rarely been considered [as the Astronaut Corps has been historically male (Reschke et al., 2014)], but with the future Artemis program having equal representation of the sexes, it is important to identify any sex related differences. While our sample size of 15 astronauts is not large enough for a well-powered investigation of sex effects, we include sex as a model covariate for exploratory purposes.

Here we aimed to investigate how spaceflight impacts sensorimotor and cognitive performance. We included several assessments of whole-body sensorimotor behaviors including the Functional Mobility Test (FMT; Mulavara et al., 2010) in which astronauts completed a short obstacle course and the Sensory Organization Test-5 (SOT-5; Reschke et al., 2009; Wood et al., 2012), which was implemented using computerized dynamic posturography and required astronauts to maintain upright posture. We also assessed fine motor control using the bimanual Purdue Pegboard Test (Tiffin and Asher, 1948). Finally, we assayed multiple aspects of cognitive function including processing speed, mental rotation, spatial working memory and cognitive-motor dual-tasking. Most tests were administered pre- and post-flight, with a subset of the test battery performed on three occasions on the ISS. Follow-up performance measurements were obtained over 6 months post-flight to characterize the trajectory of re-adaptation following return to Earth.

Based on prior investigations of behavioral changes with spaceflight (Mulavara et al., 2010; Wood et al., 2015), we hypothesized that performance on all sensorimotor tasks would decline from pre- to post-flight, and then recover to pre-flight levels within 1 month following return to Earth. We further hypothesized that performance on cognitive tasks would decrease from pre- to post-flight, with a similar recovery profile as the sensorimotor tasks. Finally, we hypothesized that astronauts’ sensorimotor and cognitive (i.e., dual-tasking and spatial working memory) performance would be disrupted following their arrival to the ISS, and would then resolve throughout the flight as they adapted to the microgravity environment.



MATERIALS AND METHODS


Participants

Fifteen astronauts participated in this study (Table 1). One withdrew from the study prior to their last post-flight testing session. The mean age at launch in this study was 47.7 years (±6.3 SD). 27.6% of the participants were female. Mission duration to the ISS lasted an average of 188 days (±57 SD). 40% of astronauts had previous flight experience, having spent an average of 75 days (±131 SD) in space across an average of 0.8 (±1.15 SD) previous missions. An average of 5.8 years (±1.6 SD) had elapsed since the end of their previous mission. The University of Michigan, University of Florida, and NASA Institutional Review Boards approved all study procedures. All participants provided their written informed consent. This study was implemented as part of a larger NASA-funded project (NASA #NNX11AR02G) aiming to investigate the extent, longevity, and neural bases of long-duration spaceflight-induced changes in sensorimotor and cognitive performance (Koppelmans et al., 2013).


TABLE 1. Astronaut demographics.
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Behavioral Assessments


Sensorimotor Measures


Whole-body postural and locomotor control

To assess performance changes in relation to spaceflight for whole-body postural control, we administered several balance and locomotion tests. We used the Functional Mobility Test (FMT; Mulavara et al., 2010) to assess ambulatory mobility. This test was designed to assess movements similar to those required during spacecraft egress, which are measured by total completion time. The FMT is a 6 m × 4 m obstacle course that requires participants to step over, under and around foam obstacles and change heading direction. Participants start from an upright seated position, buckled into a 5-point harness. After releasing their harness and standing up, they walked on a firm surface for the first half of the test and on a medium density foam for the second half. This compliant foam makes surface support and proprioceptive inputs unreliable (Mulavara et al., 2010). Astronauts performed the FMT 10 times as quickly as possible. For analysis purposes we only analyzed completion time on the first trial to minimize the effects of task learning.

Dynamic postural control was assessed using Computerized Dynamic Posturography (Equitest, NeuroCom International, Clackamas, OR, United States; Reschke et al., 2009). Specifically, astronauts completed the Sensory Organization Test-5 (SOT-5 and SOT-5M). We administered SOT-5, in which the eyes are closed and the platform is sway-referenced, requiring greater reliance on vestibular inputs. We also administered SOT-5M, in which participants make ±20° head pitch movements at 0.33 Hz paced by an auditory tone (Wood et al., 2012). At each pre- and post-flight time point, we administered three trials each of the SOT-5 and SOT-5M. Equilibrium Quotient scores were derived from peak-to-peak excursion of the center of mass (estimated at 55% of total height) over a 20-s trial (Nashner, 1972; Paloski et al., 1992). As in our previous work, we used the median Equilibrium Quotient score from each time point in all statistical analyses (Lee et al., 2019).



Fine motor control

To assess bimanual coordination, we used the bimanual Purdue Pegboard Test (Tiffin and Asher, 1948). The bimanual Purdue Pegboard Test is a well-validated measure of bimanual manual dexterity. Participants were instructed to place 15 small metal pegs into fitted holes. We used their completion time to place all the pegs with both hands for statistical analysis.



Cognitive Measures


Cognitive-motor dual-tasking

We assessed dual-tasking using a motor and a cognitive task, each performed separately and simultaneously. The motor task required the participant to perform a two-choice button press in response to an “X” displayed in one of two boxes positioned on either side of the computer screen, cueing the participants to press the button on the corresponding side. The cognitive task required participants to monitor a separate box that rapidly changed colors and to count the number of times that the box turned blue (this occurred infrequently relative to other colors, making this similar to an oddball detection task). Each task was performed alone in a single task (ST) conditions as well as together in a dual-task (DT) condition. Performance declines between single to dual-task conditions are frequently referred to as dual-task cost (DTC). DTC has been shown to be a marker of resource limitation for task performance (Tombu and Jolicoeur, 2003) and served as our performance metric. DTC was calculated as the change in performance accuracy of dual-tasking relative to single tasking [(DT−ST)/ST∗100]. Higher DTC during spaceflight would suggest more interference and higher processing loads. We have previously used this task to analyze dual-tasking changes in HDBR analog environments (Yuan et al., 2016; Mahadevan et al., 2021).



Spatial working memory

We used three tasks to assess spatial working memory; (1) a spatial working memory task (SWM; Anguera et al., 2010), (2) Thurstone’s 2D card rotation test (Ekstrom and Harman, 1976) and (3) three-dimensional cube figure mental rotation task (Shepard and Metzler, 1988). During the SWM task, participants were instructed to mentally connect three dots that formed the points of a triangle. Then, after a 3,000 ms retention phase three new dots appeared on the screen and the participant had to decide if those dots formed the same triangle but rotated, or a different triangle. Participants also performed a control task in which they were shown three dots forming a triangle and then, following a 500 ms retention phase, one dot appeared and they were asked to identify if that dot was one of the original three (Anguera et al., 2010; Salazar et al., 2020). We collected 30 trials of each task. For both tests, we used the response time and number of correct responses as our outcome measures. During the 2D card rotation task, participants first were presented with a 2D drawing of an abstract shape. Then they were presented with another drawing and were instructed to identify if it was the same shape rotated or a different shape (the original shape mirrored or altogether different) (Ekstrom and Harman, 1976; Salazar et al., 2020). The completion time, trials completed and accuracy were recorded and utilized for subsequent statistical analyses. Finally, the cube rotation task required participants to observe a 3D cube assembly for 3 s. Following a 2 s retention phase, two new cube assemblies appeared on the screen and the participant was instructed to identify which of the two matched the initial target image (Shepard and Metzler, 1988; Salazar et al., 2020). Reaction time and accuracy were analyzed for this task. The 3D cube rotation task was administered twice per session while in spaceflight; it was first performed while participants free floating in microgravity (referred to as Cube 1, tethered to a workstation), then with the crewmember in a posture that mimics a seated position with the feet on the “floor” in foot loops (referred to as Cube 2).



Rod and frame test

Visual field dependence was assessed with the Rod and Frame Test (RFT); in which the participant looks into a “tunnel” (to remove peripheral visual cues) and attempts to align a rod to a vertical position parallel to Earth’s gravitational vector, despite a frame around the rod which may be tilted. This test has been shown to identify visual reliance (Witkin and Asch, 1948). Outcome measures for the RFT were frame effect, measured as the angular deviation between the participants perceived vertical and true vertical, and the response consistency (sometimes referred to as response “variability,” although in the present work we will refer to this metric as response consistency).



Digit symbol substitution task

We utilized the digit symbol substitution test (DSST) to analyze cognitive processing speed. During this task, participants were presented with a sheet of paper that required them to match numbers with symbols according to a key that is provided at the top of the page (Weschler, 1986). We used completion time and the number correct as outcome measures for our subsequent statistical analyses.



Testing Timeline

As shown in Figure 1, astronauts performed all behavioral tasks prior to launch (180 and 60 days pre-flight), and four times following their return to Earth (approximately 4, 30, 90, and 180 days post-flight). The initial testing point of 180 days before launch (L-180) was used as a familiarization session and was not included in the analyses here. Sensorimotor (FMT, SOT-5, SOT-5M, and Bimanual Pegboard) and cognitive (DSST, Card Rotation, RFT, SWM, and dual-tasking) tasks were all measured 60 days before launch (L-60) and then within a few days of returning to Earth to elucidate the effects of long-term microgravity exposure. SOT-5 and SOT-5M data had an additional data collection time point approximately 1 day following post-flight. These same measures were all recorded over the following 6 months post-flight, which allowed us to investigate recovery from any performance changes that occurred due to spaceflight and the microgravity environment. The first post-flight testing session occurred between 1 and 7 days after landing; to account for inter-subject differences in this timing, the number of day’s difference between landing and the first post-flight time point was used as a model covariate in our statistical analyses. In addition, a subset of tasks (cube rotation and dual-tasking) were collected three times during spaceflight [FD (Flight Day) 30, FD90 and FD150]; this allowed us to determine the direct effects of microgravity on performance of these tasks.
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FIGURE 1. Testing timeline. L, launch; R, return; FD, flight day, time spent during spaceflight. Launch occurred on day 0. The average day of data collection is plotted relative to launch, with error bars indicating standard deviation.



Statistical Analyses

We used the nlme package (Pinheiro et al., 2021) in R 3.6.1 (R Core Team, 2019) to fit linear mixed effects models with restricted maximum likelihood (REML) estimation for performance changes over time. In each model subject we entered subject as a random intercept to allow for different starting points for each person (as in our previous work Koppelmans et al., 2017). Specifically, our first model evaluated the effect of the microgravity environment, testing for pre-flight (L-60) to post-flight (R + 1/R + 4) changes. Our second model evaluated the recovery from the microgravity environment, testing for changes across post-flight time points (R + 1/R + 4, R + 30, R + 90, and R + 180) in measures that showed significant change pre- to post-flight. Our third model evaluated the direct effects of microgravity, testing for performance changes from pre-flight (L-60) to the first in-flight test day (FD30). Our final model evaluated the effects of duration aboard the ISS, testing for changes in performance across the three in-flight test sessions (FD30, FD90, and FD150) on select measures. For 3 of the 17 measures analyzed (Card rotation completed, Tap DTC, and Count DTC), the residuals were not normally distributed. We addressed this by log transforming the data prior to statistical analyses (Ives, 2015), however, for these three measures transformation did not normally distribute the residuals. Given this, the results of the Card rotation number completed, Tap DTC, and Count DTC models should be interpreted with caution. To account for multiple comparisons, we corrected p-values within each of the models using the Benjamini–Hochberg false discovery rate (FDR) correction (Benjamini and Hochberg, 1995); we present the FDR-corrected p-values in Tables 2–5.


TABLE 2. Tasks and data collection time points.
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TABLE 3. Effects of the microgravity environment.
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TABLE 4. Recovery from the microgravity environment.
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TABLE 5. Direct effects of the microgravity environment.
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Model (1) the effect of the microgravity environment

In this model, we considered time as a (fixed effect) categorical variable (pre-flight versus post-flight). We were primarily interested in the statistical significance of this categorical variable (i.e., whether any pre-flight to post-flight changes in performance occurred). We adjusted for the timing variability of the first post-flight session day (R + 1 or R + 4) by including the (mean-centered) time between landing and the first post-flight session as a covariate, as re-adaptation likely begins as soon as astronauts return to Earth. Mean centered age at launch, sex, and total flight duration were also entered into the model as covariates.



Model (2) recovery from the microgravity environment

This model was only applied for measures where we observed significant changes from pre- to post-flight in model 1, in order to assess post-flight re-adaptation to Earth’s gravitational environment. Here, the fixed effect of time was considered as a continuous variable; we were primarily interested in whether there was a significant effect of time across these post-flight session, to assess the post-flight recovery profile. As in model 1, mean centered age at launch, sex, and total flight duration were included as covariates.



Model (3) direct effects of microgravity

This model only measured in-flight performance. We utilized time as a continuous variable to evaluate performance changes from pre-flight (L-60) to the first in-flight time point (FD30). Only the in-flight metrics (cube rotation, dual-tasking) were included in this analysis. Mean centered age and sex were included as covariates.



Model (4) effects of duration aboard the ISS

This model only measured in-flight performance for the duration of the mission. We utilized time as a continuous variable to evaluate changes in performance across the three testing periods during spaceflight (FD30, FD90, and FD150). Mean centered age and sex were included as covariates. Since conditions for Cube 2 could only be replicated in spaceflight, we tested for a main effect (cube 1 vs. cube 2) for this task.



RESULTS

Tables 3–6 present all results from the statistical models. Bolded and underlined results remained significant at FDR < 0.05. Italicized and underlined results were significant before FDR correction, but did not remain significant following FDR correction.


TABLE 6. Effects of duration aboard the ISS.
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The Effect of the Microgravity Environment

We identified significant pre-flight to post-flight performance declines in all sensorimotor tasks (Table 3). FMT completion time increased from pre- to post-flight (p = 0.001, Figure 2) as astronauts were slower post-flight. We also identified significant pre-flight to post-flight balance declines, reflected as decreases in Equilibrium Quotient scores on both the SOT-5 (p = 0.010, Figure 3), and SOT-5M (p = 0.001, Figure 4). Astronauts also showed a significant increase in completion time on the bimanual Purdue Pegboard Test; that is, they were slower to complete the task post-flight (p = 0.008, Figure 5).


[image: image]

FIGURE 2. Functional mobility test (FMT) performance changes from pre- to post-flight and post-flight recovery. Spaceflight resulted in a significant decrease in completion time (p = 0.001). Completion time recovered to baseline levels by approximately 30 days post-flight (p = 0.0001). *Indicates statistical results that are p < 0.05.



[image: image]

FIGURE 3. Balance (SOT-5) changes from pre- to post-flight and post-flight recovery. The Sensory Organization Task 5 (SOT-5) performance changes indicate that the microgravity environment resulted in a significant decrease in Equilibrium Score (p = 0.01), that did not show statistically significant recovery. *Indicates statistical results that are p < 0.05.
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FIGURE 4. Balance (SOT-5M) changes from pre- to post-flight and post-flight recovery. Sensory Organization Task 5 with head movements (SOT-5M) performance changes indicate that the microgravity environment resulted in a significant decrease in Equilibrium Score (p = 0.001). There was a significant recovery of performance following spaceflight (p = 0.005). *Indicates statistical results that are p < 0.05.
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FIGURE 5. Bimanual purdue pegboard completion time changes from pre- to post-flight and post-flight recovery. There was a significant increase in completion time (p = 0.008) pre- to post-flight. There was a significant change in recovery (p = 0.016). *Indicates statistical results that are p < 0.05.


With the exception of cube rotation, no cognitive assessments showed pre-flight to post-flight changes. Cube rotation response time decreased significantly post-flight (p = 0.004; Figure 6); as astronauts showed faster cube rotation completion time post-flight. We also identified a significant effect of days since landing on the SWM control task (p = 0.049), such that a longer time delay between landing and the first post-flight session was associated with better SWM control task performance.
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FIGURE 6. Cube rotation performance changes from pre- to post-flight and post-flight recovery. Subject’s response time decreased significantly (p = 0.004). *Indicates statistical results that are p < 0.05.




Recovery From the Microgravity Environment

Of the measures that changed significantly from pre-flight to post-flight, we observed significant post-flight recovery (Table 4) on the bimanual Purdue Pegboard Test (p = 0.016; Figure 5), FMT (p = 0.0001; Figure 2) and the SOT-5M (p = 0.005; Figure 4). Astronauts’ performance on the bimanual Purdue Pegboard Test returned to near baseline levels by 30 days post-flight and continued to improve by 90 days post-flight (Figure 5). FMT performance showed similar trends, with a return to pre-flight performance levels by R + 30 (Figure 2). SOT-5M scores showed substantial improvements in performance from R + 1 to R + 4 that continued to improve at R + 30 and R + 90 before plateauing (Figure 4).



Direct Effects of Microgravity

Astronauts performed two cognitive tasks (cube rotation and dual-tasking) aboard the ISS, first approximately 30 days after their arrival. There were no significant pre- to in-flight performance changes on these tasks (Table 5).



Effects of Duration on the International Space Station

There were no significant changes in performance of the cube rotation or dual-tasking assessments across the three in-flight time points (Table 6).



DISCUSSION

The current study was designed to investigate sensorimotor and cognitive performance changes associated with long-duration spaceflight and their subsequent recovery post-flight. Consistent with previous results (Reschke et al., 1994a,b, 1998; McDonald et al., 1996; Bloomberg et al., 1997; Layne et al., 1998; Mulavara et al., 2010; Miller et al., 2018; Mulavara et al., 2018), we found pre- to post-flight declines in balance and mobility. There were also declines in bimanual coordination from pre- to post-flight, as indicated by poorer performance on the bimanual Purdue Pegboard Test. All of these measures were shown to recover by 30 days after return to Earth. There were no significant effects of spaceflight on the cognitive measures collected here, including pre- to post-flight and pre- to in-flight performance comparisons.


Whole-Body Postural and Locomotor Control

Sensorimotor deficits due to spaceflight have been previously reported following both short (weeks) and long (months) duration spaceflight (Reschke et al., 1994a,b, 1998; McDonald et al., 1996; Bloomberg et al., 1997; Layne et al., 1998; Mulavara et al., 2010; Miller et al., 2018; Mulavara et al., 2018); here, we find similar declines and subsequent recovery profiles in locomotion and balance. These balance and gait findings support the argument that adaptive sensory reweighting occurs during spaceflight. While in the microgravity environment of space, the otoliths cannot signal head position relative to gravity but rather just linear accelerations. Thus, head movements do not result in the same sensory feedback as on Earth; the central nervous system adapts to this by upweighting other sensory inputs (e.g., visual and proprioceptive inputs) to maintain the body’s ability to orient (Clarke et al., 2000; Hupfeld et al., 2021). Upon return to Earth, vestibular afferent inputs are first overly sensitive to linear accelerations (Boyle et al., 2001) and otolith mediated reflexes sensitive to head tilt are reduced (Kornilova et al., 2012; Hallgren et al., 2016). This suggests that in-flight sensory reweighting is likely maladaptive upon return to Earth, requires re-adaptation. In Figures 3, 4, SOT-5 and SOT-5M performance show significant deficits at R + 1; however, by R + 4 postural control has returned to near baseline levels. There appear to be some slow, persisting effects out to R + 30, suggesting both rapid and slower re-adaptation processes. Adaptation of reaching movements to visuomotor conflict (e.g., visuomotor rotation where visual feedback is offset as a perturbation) on Earth has been well-studied. This literature suggests that early adaptive changes are more cognitive and strategic in nature whereas slower changes reflect more implicit, procedural processes (Anguera et al., 2010; Taylor and Ivry, 2013; McDougle et al., 2015; Christou et al., 2016). It is unclear whether similar processes are at work when adapting to sensory conflict on Earth and adapting to the sensory conflict created by microgravity, but the initial fast recovery followed by a slower timeline to reach pre-flight levels suggests the possibility of similar processes.



Fine Motor Control

Novel findings here include a significant increase in bimanual Purdue Pegboard Test completion time. We fit a linear regression model between age and bimanual Purdue Pegboard completion time in a control sample of 24 subjects (mean age 33.3 years, 8 female), and found that completion time increased by 0.13 s per year of age. The reported increase of 3.25 s exhibited by crewmembers is approximately equivalent to a 25 years age difference. However, it should be noted that the controls were, on average, 14 years younger than astronaut crewmembers, which may result in overestimation of years decline pre to postflight. Previous reports of fine motor control declines following spaceflight include impairments in force modulation (Rafiq et al., 2006), surgical operating completion time (Campbell et al., 2005), keyed pegboard completion time (Mulavara et al., 2018), decreased unimanual Purdue Pegboard performance (Moore et al., 2019), and prolonged reaction time, movement duration, and response amplitude (Bock et al., 2003). These findings have raised concerns that astronauts will face increased risk of operational task failure (Paloski and Oman, 2008). The results from the current study further support previous findings that there is a marked impairment in fine motor control due to spaceflight, including bimanual coordination. Moreover, these changes are evident up until 30 days post-flight. While the specific mechanisms underlying these manual motor control declines are unclear, previous work has reported an increase in skin sensitivity for fast skin receptors, and decreased sensitivity for slow receptors following spaceflight (Lowrey et al., 2014). This upweighting of tactile inputs may be adaptive inflight when the body is unloaded, but could potentially be maladaptive upon return to Earth, resulting in these transient manual motor performance declines.



Cognitive Measures

Cognitive declines with spaceflight have not conclusively been observed. Changes that have been reported include an increased ability to mentally rotate stimuli, and decreased ability to spatially orient letters in a word during early short duration spaceflight (Clement et al., 1987), reduced cognitive-motor dual-tasking ability (Manzey et al., 1995; Manzey and Lorenz, 1998; Bock et al., 2010), increases in risky behavior in a single subject case study (Garrett-Bakelman et al., 2019), and anecdotal reports of “space fog” (Clément et al., 2020). In the present study, we investigated a range of cognitive domains both from pre- to post-flight and while astronauts were aboard the ISS. The only significant change from pre- to post-flight that survived FDR correction was in the cube rotation response time, which showed a decrease in response time that is likely attributable to a practice effect. Astronauts performed the cube rotation task twice per test session aboard the ISS, once while free floating yet tethered to the laptop console and again while tethered with feet in loops on the “floor.” These two setups allowed us to identify whether somatosensory feedback associated with having the feet on the “floor” and performing the task in a “seated” posture provides spatial orientation cues to aid in mental rotation performance. There were no statistically significant differences between cube 1 (feet unattached) and cube 2 (feet attached), however, there were trend level effects of a faster response time on cube 2 (p = 0.093; Supplementary Figure 1). These results may be limited by our small sample size, but could potentially have operational relevance. This trend-level effect could reflect practice.



Mission Duration

A current focus in spaceflight research is understanding the effects of flight duration on the human brain and behavior. NASA is planning to return to the Moon with the Artemis program and Mars by the 2030’s. A round trip to Mars is estimated to be around 30 months, which is longer than any current astronaut has spent in space on any given mission. This makes it imperative to understand whether there is a “dose-dependent” effect of spaceflight stressors/hazards on human performance. In the current study, most astronauts had mission durations of approximately 6 months, but there was a range with some crewmembers spending nearly 12 months (ranging from 4 to 11 months in space). We included mission duration in our statistical models to investigate its effect, finding only an uncorrected decline in bimanual Purdue Pegboard Test completion time with longer flight duration. The lack of spaceflight duration effects on our results may suggest that there are little functional changes associated with mission duration; however, it has been shown recently that the magnitude of spaceflight-associated structural brain changes is directly related to mission duration. Hupfeld et al. (2020a) recently reported that astronauts who spent 1 year in space exhibited larger magnitude brain fluid shifts, greater right precentral gyrus gray matter volume and cortical thickness changes, greater supplementary motor area gray matter volume changes, and greater free water volume changes within the frontal pole. Six-month missions were shown to result in greater increases in cerebellar volume as compared to 12-month missions. Brain changes exhibited only partial recovery at 6 months post-flight (Hupfeld et al., 2020a). Work by our group and others have also reported persisting ventricular volume changes evident at 6 months and 1 year post-flight (Van Ombergen et al., 2019; Hupfeld et al., 2020a; Jillings et al., 2020; Kramer et al., 2020), and functional vestibular brain changes that required 3 months post-flight to recover (Hupfeld et al., 2021). It is important to consider these brain changes; it is possible that behavior has returned to pre-flight levels by 1 month post-flight without a concomitant return to pre-flight neural control patterns. That is, there may be a substitution of brain networks or compensation that is still taking place post-flight even when behavior has recovered (Rothi and Horner, 1983; Hupfeld et al., 2020b).

This study is one of the few to have collected longitudinal data from astronauts on the ISS, allowing us to directly examine the effects of initial and longer term microgravity exposure. One of the tasks measured during spaceflight required single and dual-tasking. Dual- tasking has been evaluated previously during spaceflight; results showed impairments in both cognitive and motor behaviors in long duration spaceflight missions (Manzey et al., 1995; Manzey and Lorenz, 1998), with dual-task costs greater in space than on Earth. Additionally, these impairments were greatest during early flight and stabilized after approximately 9 months in space. However, these two reports were single subject case studies. Bock et al. (2010) further investigated dual-tasking in microgravity with a larger cohort of 3 astronauts performing a tracking task while also performing one of four reaction time tasks. They found an overall increase in tracking error and reaction time under dual-task conditions. Here, we found no differences in dual-task costs upon arrival to the ISS (performance measured at approximately 30 days into the flight and compared to pre-flight), nor as flight duration increased (performance measured at approximately 90 and 180 days into the flight). This may be due to a difference in complexity of the cognitive and motor tasks, a difference in the underlying task mechanisms, or due to the larger sample evaluated here.

There are few countermeasures that have proved effective for mitigating spaceflight- associated performance declines. Astronauts perform about 2.5 h of exercise daily a mix of aerobic and anaerobic, in order to maintain muscle mass and bone density (English et al., 2019, 2020). This has been found to partially counteract some spaceflight-associated sensorimotor declines, yet exercise alone is not sufficient (Wood et al., 2011; English et al., 2020). HDBR studies have examined the effects of artificial gravity applied via centrifugation as a potential countermeasure for spaceflight-associated brain and behavioral changes (Frett et al., 2020). Recent data shows that artificial gravity does not prevent aerobic capacity declines during bed rest, although it does mitigate some muscular function decay (Kramer et al., 2021) and partially counteract upright balance (De Martino et al., 2021).



Limitations

One of the primary limitations of this study is the small number of female astronauts; of the fifteen participants, only four were female. This does not provide us with sufficient power to evaluate sex differences. Another limitation in this study is the time delay between landing and the initial post-flight data collection, as astronauts re-adapt to Earth’s gravity relatively quickly. We found that postural control returned to baseline levels within roughly 4 days post-flight. It is possible that some of our other measures respond in a similar manner; this would mean that, by post-flight day 4, we may have missed many spaceflight-related performance changes. Moreover, we did not have test sessions between post-flight days 4 and 30, limiting our ability to delineate post-flight rapid recovery curves.



Conclusion and Future Directions

In this study, we evaluated the effects of the microgravity environment on astronauts’ sensorimotor and cognitive performance with a range of behavioral measures collected before, during, and following missions to the ISS. We found marked decreases in balance, mobility and bimanual coordination following exposure to the microgravity environment. These declines are transient and return to baseline levels within roughly 30 days. Additionally, we identified a trend for increased cognitive performance on some measures when astronauts had their feet on the “floor” of the ISS, suggesting that additional orientation cues may increase spatial working memory ability in microgravity. In the same sample, we also collected functional MRI data during task performance before and following spaceflight as well as measures of brain structure (structural MRI and diffusion weighted MRI). In future analyses, we will examine brain changes and their relation to behavioral performance. It may be that, in cases where we do not see behavioral changes, the underlying networks engaged for task performance will have changed in a compensatory fashion due to spaceflight. Further analyses of our neuroimaging data in conjunction with these performance measures will give us insight into the adaptive or maladaptive effects of spaceflight.
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The article gives an overview of Russian experience in psychological support for orbital space flights. It describes procedures that currently exist and may possibly be used in upcoming manned interplanetary flights. The article also considers psychological unfavorable factors of autonomous interplanetary flights, as well as countermeasures, including promising methods of psychological support.
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INTRODUCTION

The existing Russian space crews’ psychological support has shown its efficiency in support for long-term space flights. The most important means of the current support system are based on the possibility of continuous communication between Earth and spacecraft by e-mails and IP-telephony, as well as regular cargo deliveries from Earth. However, in interplanetary flights, there will be an increasing delay in communication with the crew. This will lead to the loss of the direct “live” dialogue between Earth and astronauts, which is now usual for the crews, and the impossibility of prompt medical and psychological assistance. Therefore, in case of emergencies that require immediate solutions, crews will have to rely on their own decisions. It will also be difficult to maintain social contacts with families during interplanetary flight. Also, resupplies of food, photos and videos, books, surprises, etc. that help to break sensory deprivation and monotony with cargo ships would also become unavailable. Several authors, describing problems of interplanetary flights, mentioned the phenomenon of “disappearing Earth.” The absence of visual contact with Earth could be expressed in the feeling of connection loss with the home planet, its culture, and society that could cause subsequent depression and motivation decline in astronauts. In the orbital flights, Earth observations are the most preferable way of spending free time, thus being the main source of changeable external stimuli. All these news unfavorable factors cause a need to form new approaches to psychological support for the interplanetary space crews, based on the detailed consideration of these problems and limitations of interplanetary flights.



PSYCHOLOGICAL SUPPORT IN ORBITAL SPACE FLIGHTS

Medical and psychological support in Soviet/Russian long-term flights revealed a number of psychological problems in space crews performing complex activities under conditions of prolonged exposure to microgravity and confinement and a constant threat to life and health. These include emotional and sleep disorders, decreased performance, psychological tension inside the crew as well as in relations with the Mission Control Center (MCC), etc. Russian psychiatrists and psychologists, in particular (Myasnikov, 1988) and his team, attribute the appearance of these phenomena to development of asthenization of central nervous system caused by sensory deprivation (a significant decrease in external sensory inflow), as well as the absence of external time indicators (desynchronosis), and monotony caused by prolonged stay in the small chambers with artificial environment formed by the life support systems of space stations. Another unfavorable factor was considered by Novikov (1970, 1981) is social deprivation, narrowing of the usual social contacts, and the imposed communication with Mission control (MCC) specialists.

To deal with these problems, a team led by O.G. Gazenko and O.P. Kozerenko developed a system of measures for psychological correction and support of space crews (Kozerenko et al., 2001). This system is based on experience collected within the frame of practice of medical and psychological support for early Salyut and MIR orbital stations. This system is also based on the results of numerous terrestrial extended chamber studies. The main principle of this support system is to counterbalance each unfavorable factors’ group by corresponding preventive measures.

The first group of unfavorable psychological factors includes sensory deprivation and monotony. These factors lead to the so-called sensory “hunger,” that appears in a decrease in tone and sensitivity of the central nervous system, deterioration of cognitive functions, in particular, attention and memory, as well as in growing stereotyping of actions, appearing anxiety and irritability. To prevent this, a group of psychological support measures is used to restore the usual sensory input (Myasnikov and Stepanova, 2002).

Crews are systematically provided with external data sources, at the initial stage during the “Salyut” era – with books, magazines, and music records. On MIR and ISS, the crew is provided with digital content storages, containing video and audio information that was constantly updated by the support service on crew demands. The content provided to each cosmonaut is individual, based on his personal preferences. The reduced muscular proprioceptive flow caused by microgravity is compensated by a large volume of regular physical exercises, so the crewmembers always mention that it makes positive effect on their mental state.

The second group of unfavorable psychological factors is caused by social deprivation. In flight, the communication of the crew is an element of their professional activity. While the volume of compulsory professional communication increases dramatically from the very first days of flight, there is a significant decrease in the number and duration of contacts with the close social circle. So, each person on orbit is deprived from the usual social support from family and friends (Novikov, 1970). As a result, we observe growing feelings of loneliness and detachment from the family so sometimes it has an adverse effect on astronaut’s family life (Suedfeld, 2012). Thereby, a second focus of psychological support measures is to maintain for each crewmember in flight the usual circle of contacts and social bounds. Psychological support measures dealing with factors listed above include informal communication between cosmonauts and MCC management, private communications with family and friends, and private conferences with psychologists, proposed by NASA and used in Russian system of support. Additionally, psychological support team organizes video and audio calls between cosmonauts and celebrities, such as famous artists and actors, politicians, religious leaders, and athletes. These interactions also help to keep crewmembers motivated.

The existing approach for psychological support confirmed its effectiveness in numerous orbital space Missions of various duration (Myasnikov, 1988). Its utilization started on Salyut orbital stations within the frame of 17 long-term expeditions and 15 visiting crews (10 of these were international). The same approach was then used for 28 expeditions that worked at the Mir orbital station, including nine international ones, and for all Russian crewmembers on ISS.

Russian system of psychological support is now internationally approved by Space agencies. One of the prominent NASA psychologists, Albert Holland, confirmed that American inflight psychological support is based on the principles, established by Russian system (Burrough, 1999). Common approach to psychological support allows NASA, ESA, and Institute for Biomedical problems RAS to test together some new means of psychological support described below (e.g., virtual reality and growing plants) in the international series of isolation studies SIRIUS.



PSYCHOLOGICAL FACTORS OF INTERPLANETARY FLIGHTS

Interplanetary space flights could possibly be accompanied by technical difficulties, along with a longer mission duration without any possibilities for resupply or crew immediate evacuation or change (e.g., due to a technical malfunction or crewmember illness). In addition, a number of new psychological factors that might become typical for interplanetary flights (e.g., communication delay) should be considered. These factors, which possible impact is described below, could cause serious limitations in utilization of the current psychological support system and should be taken into account when arranging psychological support for long-term human interplanetary flights (Grigoriev et al., 2012).


Communication Delays and No Additional Deliveries

In interplanetary flights, an increasing delay in communication with crews is inevitable. In a flight to Mars, the delay can take up to 24min (in each direction). Communication delays would lead to the impossibility of prompt assistance, advice, and additional briefing from Mission Control. In case of critical situations requiring an urgent solution, the crew would have to rely on their own decision-making – without external advice and expert opinion. No psychological support in live audio contacts with Mission controllers will be available. This would increase the autonomy of the crew.

Results of chamber experiments such as Mars-500 and SIRIUS show that the communication delay affects the communication of the crew both with the Mission Control and with the Earth in a significant and, basically, negative manner (Ushakov et al., 2014; Gushin et al., 2020).

In an interplanetary flight, delivery with transport ships of food, photo, and video materials, books, and surprises would also be unavailable. Thus, deliverables can be used to break monotony and sensory deprivation. It complicates the task of a constant remote monitoring, correction of the psychophysiological state and performance, and individualized compensation of sensory deficiency.



“Disappearing Earth” Phenomenon (the “Break-Off”)

(Kanas and Manzey, 2008; Kanas, 2015), being the authors of this term, initially associated this phenomenon’s development with the loss of visual contact with the planet. They suggested that when there would be no usual view of home planet’s surface in the spacecraft window but a motionless picture of an endless starry sky instead, this could become a stressor in an interplanetary flight and could be regarded as a loss of a psychological “anchor.” Currently, the “Disappearing Earth” phenomenon is described as a progressive rise of homesickness, emotional depression, apathy, and melancholy coming with increasing distance from the home planet and physical autonomy.

Both in the scientific literature and in cosmonauts’ memoirs, the psychological impact of looking at Earth from the orbit has been described as one of the main pleasures in flight. Multiple reports show that Earth’s observation has always been one of the favorite ways of spending free time of astronauts (Johnson, 2010). Cosmonauts and astronauts of different generations (Ritsher et al., 2007) tell that they were deeply influenced by the views of the Earth and became more responsible for ecological issues and for interpersonal relations. These are the main drivers of the so-called salutogenesis phenomenon when individuals who can adapt to the demands of an inhospitable or extreme environment can derive benefit from their experiences (Antonovsky, 1987). Under conditions of a reduced sensory influx, terrestrial landscapes make it possible to compensate sensory deprivation and monotony effects. It is highly likely that in a reduced sensory influx, the colorful and diverse terrestrial landscapes partly compensate the effects of sensory deprivation and monotony (White, 1987, 2021) that space flights form a special attitude (overview effect) toward the planet in astronauts and cosmonauts, a feeling of its fragile beauty, a deep spiritual connection with life on Earth. Same evidence was presented by Kanas and Manzey (2008).

In the long-term isolation Mars-500 study, it was found that prolonged lack of visual contact with Earth may also cause decrease in overall crew activity and motivation. In Mars-500, crew’s behavior progressively became more independent of the MCC recommendations and even aggressive. So, subjects’ “autonomy” together with communication delay led to a general decrease in the crew’s need for assistance and guidance from the ground services – but still there was a growing need for psychological support (Feichtinger et al., 2012; Gushin et al., 2012). Also, this phenomenon may be accompanied by the so-called “groupthink” (Kanas et al., 2009).



Other Factors

Other significant adverse psychogenic factors of interplanetary flights that should be also considered are their long duration, limited, or complete absence of the possibility of early mission termination and substitution of the crew member (e.g., due to force majeure such as equipment failures, meteorite collision, and crewmember’s illness). It is necessary to note the important role of activities requiring independent task setting and the solution searching, as well as high requirements for the crew’s ability to make prompt decisions in an ad hoc environment (Kanas and Manzey, 2008; Kanas, 2015). These factors are likely to have a negative impact on the psychological status and therefore should be taken into account when building a new system of psychological support.




LIMITATIONS OF EXISTING METHODS OF PSYCHOLOGICAL SUPPORT IN INTERPLANETARY FLIGHTS

Communication delays and impossibility of additional deliveries impose restrictions on usual psychological support measures and narrow the quick help opportunities for crewmembers in interplanetary flight. Due to communication delays in crew – Earth communication, such countermeasures for social deprivation as informal talks with ground personnel, family, friends, and colleagues, as well as celebrities, would be significantly limited. Communication delays would certainly reduce the possibility of immediate negative emotions drainage (transfer) through private psychological sessions with psychiatrists, informal communication with ground personnel, described by Beregovoy et al. (1993) and Kanas et al. (2008).

Because of delays, interplanetary mission crews would receive news from Earth later than usual. It is important to mention that the positive impact of a prompt news flow is not only in maintaining communication about events on Earth, but also in positive feedback about crewmembers’ activity in mass media. One of the famous examples of the positive impact of news from Earth on crew morale is the first Soyuz when newspapers delivered by the new coming crew caused a positive emotional response in the onboard crew (Kamanin, 1969). Cargo ships bring supplies with spare parts and consumables, that gives a crew a sense of protection, support, and brings certain confidence (Savinykh, 2017). So, cosmonauts, as well as participants of long-term confinement experiments, note improvements in mood, activity, interest, and motivation to continue their work after receiving personal parcels in cargo ships (Bojko, 1975). In an interplanetary flight, the parcels, that might have created a sense of connection with the Earth (Ryumin, 1987), would be inaccessible.

With the absence of resupplies, it would also be difficult to maintain food diversity. In sensory deprivation and monotony, food rations should not only compensate the energy loss, but satisfy the aesthetic and cultural requests of the crew (Lane and Feeback, 2002). In Mars-500 experiment, one of the crewmembers experienced serious psychological difficulties because of the standard food ratio’s composition. These difficulties vanished after national cuisine elements and spices were added to the facility (Ushakov et al., 2014).



NEW SOLUTIONS AND NEW TECHNOLOGIES FOR PSYCHOLOGICAL SUPPORT IN INTERPLANETARY FLIGHTS

Even though a number of support measures listed above would still be available in interplanetary flights, we may assume that these standard measures could be not enough to countermeasure the complexity of new unfavorable psychological factors of interplanetary flights. That is why space psychologists are developing new means of psychological support for flights beyond Earth orbit.


Virtual Reality Technologies

In our opinion, one of the most promising new psychological support methods could be based on virtual reality (VR) technologies. VR is capable to create an interactive world of diverse and changing visual images that make deep sensory immersion possible (Baños et al., 2000). We suggest that in an autonomous interplanetary flight, when live communication would be lost because of the communication delay and Earth would be out of sight, the VR technology may somehow prevent negative effects of sensory deprivation and monotony, as well as homesickness and loss of memories about usual life on Earth. VR may serve as a temporary replacement for the lost terrestrial reality and compensate for insufficient afferentation by creating an additional, artificial afferentation source (Rozanov, 2020). Thus, VR methods may become an effective countermeasure to such negative factors as deficit of sensory influx (while creating an artificial visual afferentation), crowding (while creating a virtual personal space), and monotony (an interactive VR method might help structure leisure time). Experience of virtual worlds that are creating positive emotions may contribute to optimization of crewmembers’ psychophysiological state.

General tasks of VR for psychological support may be seen as:

I. Restoration of the Earth’s nature and usual life images, that may get partly lost from memory during spaceflight isolation as a countermeasure to the “Disappearing Earth” effects. We could use VR reproducing views of certain Earth regions using volumetric video or 3D computer models.

II. VR as an organized form of leisure (countermeasure to monotony and asthenization).

III. Countermeasure to the lack of physical personal space by creating a virtual personal space. Crewmembers would be able to create their own virtual “homes.” It might be possible to change its design, repair it, make equipment, and do gardening. Virtual reality means may also include virtual “windows” (screens), an interactive spacecraft interior solution. These windows can create an illusion of a landscape seen behind the chamber wall. This view may be dynamic, that is, changing over time (daily change of lighting, of seasons, and of landscapes). Virtual windows may also include cameras to track the movement of user’s sight. The image in the virtual window is distorted in accordance with the movement of the user’s head and create an illusion of volumetric space behind this window. This technology has already been used in commercial products and is being tested for use in psychotherapy (Burdea, 2002). Virtual windows may be used not only for recreation, but also as a daily routine pacemaker, changing luminosity, and imitating Earth’s daily rhythm.

In SIRIUS-17 and SIRIUS-19 chamber studies, organized by IBMP in cooperation with NASA and simulating extended interplanetary Mission of the international crews, VR was tested for the first time together with standard psychological support procedures. In these experiments, positive effect of VR’s utilization on crewmembers’ emotional state was observed (Figure 1). Members of Russian astronaut core, participating in the studies, regarded VR as a useful tool to brake monotony, boredom, and to train professional skills.

[image: Figure 1]

FIGURE 1. A member of the Roscosmos Cosmonaut Corps, A. Kikina, uses VR for recreation during the SIRIUS-17 experiment. Copyright (2017) by the Institute of Biomedical Problems, Russian Academy of Sciences reprinted and adapted with permission.


VR for psychological support was also tested in one of IBMP’s Dry Immersion experiments (Figure 2). The model of Dry Immersion artificially creates conditions similar to zero gravity via floatation in a deep bath using elastic fabric separating the subject’s body from water. Thus, the Dry Immersion reproduces three effects of weightlessness: physical inactivity, support withdrawal, and elimination of the vertical vascular gradient (Tomilovskaya et al., 2019). In conditions of Dry Immersion, VR utilization not only caused relaxing, emotion-balancing effect of VR on the subjects, feeling back pain and irritability, but also had positive effect on cognitive area (Rozanov et al., 2021; Nosenkova, 2021; Figures 3). Also, VR technologies for psychological support were tested by NASA in analogous conditions (South Pole and Hawaii research stations: Anderson et al., 2016).

[image: Figure 2]

FIGURE 2. Using a VR as a psychological support tool during «dry» immersion. Copyright by Ivan A. Rozanov, October 2020.


[image: Figure 3]

FIGURE 3. A virtual personal space in the VR environment, developed by the IBMP specialists (together with the AI Health LCC) for psychological support in conditions of crowding and lack of privacy. Copyright by AI Health LCC and Ivan A. Rozanov, March 2021.


Certainly, these data need further confirmation and more statistically significant results are necessary to make reliable conclusions. With all the promise of VR technology, its use in psychotherapeutic practice sometimes causes ambiguous effects, both psychophysiological (motion sickness) and psychological. This requires a careful assessment of possible psychophysiological effects that may arise in recipients using VR for psychological support. VR programs should be subjected to the same “psychological safety” requirements as media library content. They should not cause negative mental shifts or remind crewmembers of traumatic events.



Voice Assistants

Voice assistants, robots, and virtual assistants may serve for psychological support to overcome social deprivation and the impossibility of direct communication with family members and friends caused by communication delays.

Social robotics [an interdisciplinary area robotic systems development that are intended for social interaction with people (Kemke, 2007)] are now used in various fields, such as social protection, psychological rehabilitation, and others. Social robots for crewmembers’ psychological support under loneliness and isolation may possibly use the experience already acquired in robotics for hospital patients and elderly people. Social robots may serve in possible long-term autonomous and interplanetary space flights and in creation of habitable stations on space objects (Sorokin et al., 2016).

Voice monitoring technologies and interaction with automated systems through speech synthesis may also serve for psychological support. Voice assistants might be able to compensate the lack of audial communication in a small team, especially when accompanied by a delay or even absence of communication with the Earth. Voice assistants may not only help cosmonauts to interact with equipment and provide necessary technical data, but may also become a certain kind of companion capable of non-professional communication with crewmembers (Gough et al., 2006).

Therefore, the functions of voice assistants may be as follows: compensation of lack of information in autonomous conditions, organization of leisure time (presentation of news, references, and entertainment information, interactive games with voice support), and psychotherapy based on active listening. It may also become possible to assess crewmembers’ emotional state by recognition of facial expressions and analysis of acoustic parameters of their speech and to provide an adequate psychological support in accordance with subject’s reactions detected.



Spacecraft Greenhouse

A greenhouse on board is not only an element of a closed life support system and a source of food that adds variety to the food intake. From several spaceflights anecdotal information and studies in space simulations, we got evidence that onboard greenhouses are effective for psychological relaxation. Both in space flights (mini greenhouses were installed on board) and in isolation experiments, there was a positive effect of greenhouses on crews’ emotional state (Figures 4, 5). The greenery grown on board contributes to the restoration of the image of the Earth. Caring for plants is regarded by crewmembers as a form of leisure that adds variety to the flight routine. This may be important in long-term missions, in a visually impoverished interplanetary space, and during possible colonization of other planets, with no local flora and fauna (Bates et al., 2009; Gushchin et al., 2014).

[image: Figure 4]

FIGURE 4. Improvised “houseplants” on board the ISS, grown by the cosmonauts for additional psychological support.


[image: Figure 5]

FIGURE 5. A participant of the SIRIUS-19 with the onboard greenhouse. Copyright (2019) by the Institute of Biomedical Problems, Russian Academy of Sciences reprinted and adapted with permission.


In Mars-500, one of IMBP’s long-term confinement experiments that simulated an interplanetary expedition, the influence of plants on crewmembers’ emotional state was found (Gushchin et al., 2014). The location of greenhouse near recreational areas, as well crewmembers’ involvement in plant care, caused the positive psychological effect. The crew preferred to grow large, brightly colored flowers that did not require much maintenance. Also, the research results showed that the choice of edible plants to be grown should consider crewmembers’ cultural food preferences.

Another discussed possibility of psychological support in interplanetary flights and possible settlements is to include animals in closed life support systems. The beneficial psychological effect of laboratory animals taken in flight for experiments has already been described (Sychev et al., 2008).




CONCLUSION

A broad view on the existing psychological support system in orbital flights, analysis of ground-based isolation experiments results, and the studies of psychological particularities of interplanetary space flights suggest that the possible future set of psychological support measures needs to be created with taking several crucial issues into account:

1. Support in the interplanetary missions should be based on the available experience of psychological support of orbital flights, but future system should not depend on online audio communication and resupplies from Earth, as it is now.

2. New unfavorable psychological factors of interplanetary missions (autonomy, communication delay, “disappearing Earth phenomenon,” etc.) should be taken into account.

3. Support methods should be autonomous and could be used by crews without any additional advice from Earth, based on the information they have above and needs they experience.
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In the next century, flying civilians to space or humans to Mars will no longer be a subject of science fiction. The altered gravitational environment experienced during space flight, as well as that experienced following landing, results in impaired perceptual and motor performance—particularly in the first days of the new environmental challenge. Notably, the absence of gravity unloads the vestibular otolith organs such that they are no longer stimulated as they would be on earth. Understanding how the brain responds initially and then adapts to altered sensory input has important implications for understanding the inherent abilities as well as limitations of human performance. Space-based experiments have shown that altered gravity causes structural and functional changes at multiple stages of vestibular processing, spanning from the hair cells of its sensory organs to the Purkinje cells of the vestibular cerebellum. Furthermore, ground-based experiments have established the adaptive capacity of vestibular pathways and neural mechanism that likely underlie this adaptation. We review these studies and suggest that the brain likely uses two key strategies to adapt to changes in gravity: (i) the updating of a cerebellum-based internal model of the sensory consequences of gravity; and (ii) the re-weighting of extra-vestibular information as the vestibular system becomes less (i.e., entering microgravity) and then again more reliable (i.e., return to earth).

Keywords: afferent, brainstem, cerebellum, neural coding, vestibulo-ocular reflex, vestibulospinal reflex, self-motion


INTRODUCTION

On earth, gravity is a force to which we are constantly exposed starting from the day we are born (Lacquaniti et al., 2014). During our everyday activities, it is vital that the brain accounts for the physical force of gravity (Honeine et al., 2013, 2014; Jansen et al., 2014). This is because, during our natural behaviors, gravity produces disequilibrium torques that must be counteracted by our motor systems to maintain balance and prevent falls. Accordingly, our feedforward compensatory pathways, postural strategies, and locomotor patterns all require taking gravity into account to ensure the maintenance of equilibrium during everyday activities—including quiet standing, arm reaching and locomotion (Cordo and Nashner, 1982; Papaxanthis et al., 1998; Sylos-Labini et al., 2013; Honeine et al., 2014; Lacquaniti et al., 2014; Macaluso et al., 2017). Moreover, the physical force of gravity provides a vital world-based reference to which we can anchor our perception of spatial orientation as well as control of balance (Lackner and DiZio, 2005; Lacquaniti et al., 2014; Panic et al., 2015).

Importantly, during space exploration missions, the force of gravity becomes minimal. As a result, nearly 70% of all astronauts experience impaired balance, locomotion, gaze control, dynamic visual acuity, eye–head–hand coordination, and/or motion sickness within the first 3–4 days of both space flight and then again after returning to earth (Lackner and Dizio, 2006; Souvestre et al., 2008). These symptoms arise because changes in gravity alter the sensory input from the vestibular system, which in turn generates a persistent conflict (i.e., mismatch) between expected and actual sensory vestibular inputs during active movements (Oman and Cullen, 2014). Then, in the days following such changes in gravity, astronauts show sensorimotor adaptation that results in improved motor performance. As discussed below, recent experiments using ground-based models have furthered our understanding of the neural mechanisms that underlie sensorimotor adaptation and thus have important implications regarding the interpretation of the results from flight-based studies. Notably, these studies have established the neural mechanisms that underlie the brain’s computation of an estimate of gravity and self-motion during active behaviors and have also provided evidence for the re-weighting of vestibular inputs in conditions where it becomes less reliable. In this review, we consider these findings in the context of experiments that have studied the neurovestibular adaptation during and after space flight and the implications for improving human performance during and following space exploration.



GRAVITY IS IMPORTANT ON EARTH: POSTURE, PERCEPTION, AND BEHAVIOR

The findings of theoretical as well as behavioral studies have led to the longstanding hypothesis that the brain builds an internal model of the expected sensory consequence of our own actions (Wolpert et al., 1998; Wolpert and Ghahramani, 2000). During self-motion, this internal model is required for the maintenance of posture, accurate spatial orientation, and the generation of precise voluntary movement (Cullen, 2019). Specifically, by comparing the incoming sensory information from different modalities (i.e., vestibular signals with information from the proprioceptive, somatosensory, and visual systems) with that predicted by its internal model, the brain anticipates and validates the consequences of the force of gravity (McIntyre et al., 1998; Zupan et al., 2002). On earth, the expectation of the constant force of gravity is an inherent component of this internal model. However, during space exploration, the force of gravity becomes negligible resulting in a mismatch between the brain’s expectation of the sensory consequences of movement and that which is actually experienced due to the resultant unloading of the otoliths. This mismatch has important implications for astronauts, during and after space flight, since it results in impaired behavioral performance in the first days of exposure to an altered gravity environment. However, after 1–5 days of space flight and ~1 week after landing these symptoms largely disappear, implying that the brain has adapted to the new gravitational environment.


Posture and Locomotion in Space

The maintenance of upright posture during quiet standing requires overcoming the force of gravity. The biomechanics of human posture can be well modeled by an inverse pendulum (Winter et al., 1997, 1998). Accordingly, we constantly oscillate around an equilibrium point and small corrective movements are required to prevent falling. The neural mechanisms that stabilize upright posture in 1 g generally persist when initially exposed to microgravity, even though they are no longer necessary (Clément et al., 1984; Mouchnino et al., 1996; Massion et al., 1997; Vernazza-Martin et al., 2000; Baroni et al., 2001). Indeed, the human body naturally assumes a more neutral posture in microgravity characterized by a semi-crouched torso, flexed arms and legs, and forward bent neck and head (Andreoni et al., 2000; Han Kim et al., 2019). While the brain’s internal model of postural control appears structurally stable in the short-term, it remains unknown whether the neural mechanisms that stabilize the upright posture in 1 g continue to operate during long missions in space. However, it appears likely that this is not the case. Indeed, postural stability is often related to the Hoffman reflex, an otolith-spinal reflex (Chen and Zhou, 2011 for review). Muscle activity associated with the Hoffman reflex has been shown to reach low values with longer delays after 7 days in space (Reschke et al., 1984; Watt et al., 1986). It appears that in microgravity, the information coming from the otolith organs to the motoneurons is gradually reinterpreted. Similarly, following re-entry into 1 g, the neural mechanisms that stabilize the upright posture appear to be largely disrupted following both short (1–2 weeks) and long (4–6 month) duration spaceflight (Jain et al., 2010; Wood et al., 2015). Interestingly, more severe and persistent deficits occur in the latter case. Rapid recovery is reported on the first day after return, with more gradual improvement in the following weeks ultimately returning performance to pre-flight levels (Paloski et al., 1992; Reschke et al., 1998).

In addition to postural instabilities, astronauts often experience oscillopsia during locomotion following space flight, suggesting that head-trunk coordination is impaired (Bloomberg et al., 1997). Specifically, the coherence between pitch head and vertical trunk movements is reduced following space flight (Bloomberg et al., 1997; Mulavara et al., 2012) similar to what has been observed in patients with altered vestibular input due to peripheral vestibular loss (Mulavara et al., 2012) or the application of galvanic vestibular stimulation (Moore et al., 2006). An interesting fact is that head-trunk coordination is better during locomotion after re-entry in more experienced astronauts (e.g., number of flights; Bloomberg et al., 1997; Moore et al., 2006) suggest that experience influences the ability to rapidly update a vestibular based internal model for the control of posture and locomotion.



Perception in Space

During space flight, astronauts also report spatial disorientation and destabilizing sensations. On earth, many aspects of our environment, including ourselves, are “gravitationally polarized.” The brain continually computes our head and body orientation relative to gravity, using vestibular and other sensory information (reviewed in Goldberg et al., 2012). Spaceflight violates many of the regularities that characterize our orientation on the ground (Lackner and DiZio, 2000). For example, due to the lack of otolith input that normally signals head orientation relative to gravity, astronauts can lose all sense of spatial anchoring to their surroundings when their eyes are closed (Lackner and Graybiel, 1979). When their eyes are open, astronauts may intellectually know their position in relation to their surroundings, but they do not experience a normal sense of orientation with respect to the environment (Lackner and DiZio, 2000). As a result, sensations of inversion, tilt, and virtually every combination of body orientation and vehicle orientation have been reported. With increased flight duration such illusions, which can be experienced immediately on transition into microgravity, tend to abate as astronauts adapt to their new environment (Lackner and DiZio, 2000).

Perceptual adaptation to altered gravity has also been studied using centrifugation on the ground as well as in space (e.g., Clément et al., 2001). For example, shortly following transition into microgravity, subjects experience a roll tilt illusion during centrifugation that is similar to that observed during ground-based experiments (~45°). However, during prolonged exposure (i.e., 16 days in microgravity), the illusion of tilt increased, such that subjects reported that they felt as if they were lying on their side (~90°). These results suggest that the brain initially continues to use its ground-based model of the sensory consequences of gravity during early space flight, which it then adapts to account for the new microgravity environment. Likewise, perceptual adaptation was evidenced by larger tilt illusion values upon re-entry compared to the pre-flight values. It is important to note that impaired perception during gravitational transition compromises an astronaut’s ability to control the spacecraft itself (Clément, 2018). For instance, it has been reported that astronauts that failed to land safely had episodes of spatial disorientation during the procedure (Clark and Bacal, 2008). These pilots showed vestibular dysfunction that was correlated with their performance in controlling the spacecraft during the landing procedure.



Voluntary Movement in Space

Finally, there is accumulating evidence that the accurate control of voluntary movements, such as reaching, is correspondingly altered during space flight (Carriot et al., 2004; Scotto Di Cesare et al., 2014; Gaveau et al., 2016; White et al., 2020). When instructed to reach up or down, human subjects demonstrate asymmetric arm kinematic suggesting that the brain also uses an internal model of gravity to predict and take advantage of its mechanical properties to optimize effort (Gaveau et al., 2016). Interestingly, this asymmetry disappears in microgravity (Carriot et al., 2004; Crevecoeur et al., 2010; Gaveau et al., 2016). Additionally, pointing accuracy drastically decreases in absence of gravity (Carriot et al., 2004). While it was initially proposed that this occurs due to the reduction of the arm weight in microgravity (Bringoux et al., 2012), a subsequent EEG study reported increased activity within the vestibular network during a comparable visuo-motor task (Cebolla et al., 2016). Moreover, comparable effects have been reported in an ground-based model when vestibular input was ablated via labyrinthectomy (Angelaki, 2021). Thus, taken together, the altered vestibular inputs experienced during space flight likely contribute not only to the observed impairments in postural and perceptual performance but also to changes in the kinematics and accuracy of voluntary movements.

It is noteworthy that to date, most studies of voluntary movements in microgravity have been performed during parabolic flights and thus it was not possible to investigate long-term adaptation. However, the findings of ground-based centrifugation experiments have shown that reaching patterns can rapidly adapt to new force field environments when tested (i.e., 10–15 movements; Lackner and Dizio, 1994). Moreover, evidence from studies of astronauts following re-entry is consistent with rapid adaptation. Specifically, sensorimotor learning (Mulavara et al., 2010), as well as eye–head and head-trunk coordination (Glasauer et al., 1995; Bloomberg et al., 1997; Reschke et al., 1998; Bloomberg and Mulavara, 2003; Courtine and Pozzo, 2004; Clément and Wood, 2014) recover rapidly in the first day after return from short- and long-term missions, with an improvement that is more gradual in the following weeks. Thus, it seems likely that the brain likewise adapts its control of voluntary movements over the long-term in microgravity.



Conclusions

Overall, the absence of gravity severely impairs motor and perceptual performance. Although the computation of gravity relies on the integration of sensory information from our different senses, the role of the vestibular signal appeared to be omnipresent in most if not all human behaviors in space. At this stage, it is thus fundamental to understand how the gravity signal is computed from vestibular inputs.




OUR BRAINS ARE WIRED TO KEEP TRACK OF GRAVITY: WHAT HAPPENS TO THE VESTIBULAR SYSTEM IN SPACE


Vestibular Sensory Organs and Peripheral Transmission

To date, many investigators have studied how the vestibular system responds and adapts to the transition from gravity to microgravity (Figure 1). As reviewed above, the absence of gravity leads to unloading of the otoliths such that they are no longer stimulated as they would be on earth by changes in the head’s spatial orientation. Early experiments in rats and frogs suggested that this unloading causes an increase in the mass of the otoconia (i.e., the small crystals of calcium carbonate which couple mechanic forces to the activation of sensory hair cells in the utricle and saccule) following short-term (i.e., 7 days) exposure to microgravity (Vinnikov Ia et al., 1980; Ross et al., 1985, 1987; Lychakov et al., 1989). Correspondingly, experiments in model systems have shown that the opposite phenomenon appears to occur in hypergravity (cichlid fish: Anken et al., 1998; marine mollusk larvae: Pedrozo and Wiederhold, 1994; rats: Krasnov, 1991; reviewed in Cohen et al., 2005). Most recently, Boyle and Varelas (2021) investigated the structural remodeling that occurs in the otoconia of mice using electron microscopy. Interestingly, these investigators found evidence for a mass addition to the otoconia outer shell, following exposure to long but not short duration spaceflight (or hindlimb unloading), as well as the thinning of the inner shell and cavitation of the otoconia following centrifugation. Likewise, structural changes following hindlimb unloading have been reported following long but not short duration hindlimb unloading (i.e., 90 days, Boyle and Varelas, 2021) vs. 160 days (Zhang et al., 2005). Accordingly, taken together these findings suggest that the otoconial mass adapts to fluctuations in the gravitational stimulus to maintain a consistent force on the maculae in astronauts during space flight. Future work will be required to fully understand the detailed time course of these changes.
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FIGURE 1. Neurophysiological short- (<7 days) and long (>7 days) term- adaptation to microgravity and ground-based model. Upper left panel: the mass of the otoconia increases following short-term exposure to microgravity (Vinnikov Ia et al., 1980; Ross et al., 1985; Lychakov et al., 1989). This increase in mass is assumed to be maintained as long as there is no change in the gravitational environment. The opposite phenomenon occurs in hypergravity (decrease in mass; Krasnov, 1991; Pedrozo and Wiederhold, 1994; Anken et al., 1998; reviewed in Cohen et al., 2005). To date, however, the time course is unknown since testing was only done after long-term centrifugation (>24 days). Middle left panel: After 7–9 days in microgravity, type II vestibular hair cells increase in size and number (Ross, 1993, 1994, 2000). Then after 2 weeks in microgravity, the number of type I cells increases as well (Ross and Tomko, 1998). In hypergravity, only type II hair cells show a significant decrease in number (e.g., following 14–30 days of centrifugation; Lychakov et al., 1989; Ross, 1993). Bottom left panel: Immediately after entering microgravity, studies across species have reported increases in vestibular afferent baseline activity and sensitivity (Gualtierotti and Alltucker, 1967; Gualtierotti, 1977; Boyle et al., 2001). However, when considered alone, studies in NHPs have been inconclusive as some report increases and other report decreases in sensitivity (Correia et al., 1992; Cohen et al., 2005). After 5 days in microgravity, vestibular afferent responses return to ground levels (Bracchi et al., 1975; Boyle et al., 2001). On earth, 1 month after complete unilateral vestibular lesion, afferent responses in the intact nerve remain comparable to control levels (Sadeghi et al., 2007, 2010, 2011, 2012). Bottom right panel: Across animal models, the sensitivities of vestibular nuclei neurons initially increase in microgravity and then return to baseline levels after a week (Pompeiano et al., 2002; Cohen et al., 2005). On earth, following labyrinthectomy, vestibular nuclei neurons that normally only respond to vestibular input before lesion, show the emergence of responses to extravestibular inputs (efference copy, proprioception) after lesion (Sadeghi et al., 2007, 2010, 2011, 2012). During sensory-motor adaptation, vestibular neurons update their response to altered sensory feedback (Brooks and Cullen, 2014; Brooks et al., 2015; Mackrous et al., 2019). Top right panel: The cerebellum displays synaptic reorganization as early as 24 h following the transition to microgravity, which remains for at least 18 days (Holstein et al., 1999). On earth, following labyrinthectomy, cerebellar neurons lose their ability to discriminate between tilt and translation (Yakusheva et al., 2007).



The vestibular receptor cells in all mammalian end organs, including the otoliths, are called hair cells and are divided into two subtypes (Figure 1, left panel). These subtypes, termed type I and type II hair cells, occur in nearly equal ratios. Type I hair cells are defined by the presence of calyceal afferent innervation, while in contrast Type II hair cells synapse upon discrete bouton afferent terminals (Figure 1, left panel; reviewed in Cullen, 2019). Intriguingly, prolonged exposure to microgravity (>7 days) also appears to primarily impact the structure of type II hair cells (Ross, 1993, 1994, 2000). For example, ultrastructural analysis has demonstrated statistically significant increases in the number of type II utricular hair cell synapses in mice after a 9-day space flight (Ross, 1994). After 2 weeks in microgravity, an increase in the mean number of presynaptic processes ending on the calyces of type I cells has also been reported (40%; Ross and Tomko, 1998). A more recent study interestingly reported a reduction, rather than increase, in the synapse densities of the hair cells in the mouse utricle following 15 days of exposure to microgravity (Sultemeier et al., 2017). While differences in the approach used by Ross et al. (1985; electron microscopy) vs. Sultemeier et al. (2017; immunohistochemistry) complicate direct comparison, taken together the results of these studies suggest that vestibular hair cells, at least in rodents, can demonstrate adaptative changes in response to altered gravity. These peripheral adaptative changes, combined with those occurring at subsequent stages of vestibular processing (detailed below), likely contribute to the changes in utricular function that have been reported in astronauts immediately after returning from space flight (Hallgren et al., 2016; Reschke et al., 2018).

Finally, following exposure to microgravity, changes have also been reported at the next stage of peripheral vestibular processing, namely in the vestibular nerve afferents. Initially after entering microgravity both the baseline activities and sensitivities of otolith afferents substantially increase (reviewed in Clément et al., 2020). This finding is consistent across all non-mammalian animal models that have been tested (toadfish: Boyle et al., 2001; bullfrog: Gualtierotti and Alltucker, 1967; Gualtierotti and Bailey, 1968; Bracchi et al., 1975; Gualtierotti, 1977). Otolith afferent baseline activities and sensitivities then appear to return to control levels after ~5 days (Bracchi et al., 1975) and/or 24 h after returning to the ground (Boyle et al., 2001). It has been proposed that this initial hypersensitivity of otolith afferents induced by microgravity is due to presynaptic adjustment of synaptic strength in the hair cells reviewed above (Ross, 2000).

To date it remains unknown whether vestibular afferent sensitives likewise change during the first days of space flight in mammals. Afferent recordings were made in monkeys after 12 and 14 days of flights during two COSMOS missions (COSMOS 2044 and COSMOS 2229, respectively). However, these two missions reported contradictory findings (increased vs. decreased gains relative to pre-flight levels; Correia et al., 1992; Cohen et al., 2005). Indeed, given the inherent variability of monkey afferent response gains (Sadeghi et al., 2007; Massot et al., 2011; Jamali et al., 2019), the low numbers of afferents recorded in each study were likely not sufficient to make a pre-post flight comparison. In this context, it is important to note that the vestibular efferent system does not appear to play a significant role in the short-term adaptation of afferent coding in mammals as it does in lower vertebrate species (reviewed in Cullen and Wei, 2021). Thus, how microgravity influences the responses of vestibular afferents in mammals remains an open question.



Central Vestibular Processing

Vestibular afferents target neurons in the vestibular nuclei comprise the first stage of central vestibular processing. Most vestibular nuclei neurons integrate inputs from both otolith and canal afferents (reviewed in Goldberg et al., 2012; Cullen, 2019). Single unit recordings have been made from the vestibular nuclei of rhesus monkeys on several Russian “Cosmos/Bion” Missions between the Bion 6 (Cosmos 1514) through Bion 11 projects. The findings of these studies are detailed in “Final Reports” submitted by investigators to Russia’s Institute of Biomedical Problem, as well as in some published reports (reviewed in Cohen et al., 2005: Sirota et al., 1984, 1986, 1987, 1988a,b, 1989a,b, 1990a,b,c, 1991a,b,c; Shipov et al., 1986; Sirota, 1988; Kozlovskaya et al., 1989, 1991, 1994; Yakushin et al., 1989, 1990, 1992; Badakva et al., 1993). Overall, investigators reported increases in the sensitivities of vestibular nuclei neurons to both linear and rotational head motion during the first days of space flight, with a subsequent return to normal (reviewed in Cohen et al., 2005). This finding was surprising given that microgravity affects the linear forces sensed by the otolith but not the rotations sensed by the canals (Cohen et al., 2005). Notably, neural sensitivities to linear head motion reached a maximum by the end of the first week in space while neural sensitivities to rotational head motion increased only within the first days of flight and then returned to normal levels within this same time frame.

The effect of microgravity on vestibular nuclei activity has also been studied by quantifying the expression of the early gene c-fos, which is a neural activity marker. For example, in ground-based models, galvanic stimulation and centripetal acceleration lead to increases in Fos immunoreactivity in the vestibular nuclei (Kaufman et al., 1992a,b; Kaufman and Perachio, 1994). Experiments done in space have likewise reported increased Fos expression in the vestibular nuclei of rats (particularly the medial and descending vestibular nuclei) 24 h postlaunch. Increased Fos expression has also been observed following return from a 17-day mission (Pompeiano et al., 2002). In contrast, Fos expression levels were comparable to control levels 13 days postlaunch and at 13 days postlanding, consistent with adaption occurring over time in response to altered gravity. Interestingly, while Fos expression was unchanged in autonomic regions that have been linked to motion sickness postlaunch (i.e., area postrema and nucleus tractus solitarius), significant increases were observed in these areas 24 h after landing (Pompeiano et al., 2004).

The vestibular afferents and vestibular nuclei both send direct projections to the caudal vermis of the cerebellum. In particular, the cerebellar nodulus receives significant input from vestibular otolith afferents. Ultrastructural changes in Purkinje cell dendritic morphology and/or the synaptic organization of their mossy fiber inputs have been reported when measured during 5–18 days of space flight (Krasnov and D’iachkova, 1986; Krasnov and Dyachkova, 1990). Similar changes are observed in nodular mossy fiber terminals. Additionally, major changes occur in the Purkinje cell cytoplasm within 24 h, including enlargement of the cisterns of the smooth endoplasmic reticulum, formation of long, stacked lamellar bodies, and the presence of degeneration (Holstein et al., 1999). Based on the last of these structural alterations, it has been proposed that excitotoxicity may play a role in the short-term changes in neural responses that are observed during space flight (Cohen et al., 2005).

Taken together, the findings of space-based experiments in central pathways demonstrate that the loss of otolith loading in microgravity (or reestablishment of loading following retry) leads to an increase in the sensitivity of vestibular pathways followed by adaptation over time. Below we consider the implications of ground-based research for providing insight into the neural mechanisms that underlie the sensorimotor adaptation required to ensure postural and perceptual stability, as well as the ability to generate accurate movements after exposure to altered gravity.




WHAT ARE THE IMPLICATIONS OF GROUND-BASED MODELS FOR UNDERSTANDING HOW THE VESTIBULAR SYSTEM ADAPTS TO MICROGRAVITY


The Vestibular Cerebellum and Computation of Head Orientation Relative to Gravity

As reviewed in “Gravity Is Important on Earth: Posture, Perception, and Behavior” section above, there is consensus that the brain builds an internal model of the expected sensory consequence of our own actions (Wolpert et al., 1998; Wolpert and Ghahramani, 2000). During self-motion, this internal model is required for the maintenance of posture, accurate spatial orientation, and the generation of precise voluntary movement. The otoliths, like any inertial sensor (i.e., accelerometer), cannot distinguish forces produced by changes in the head’s orientation relative to gravity from those produced during translational self-motion. Thus, to compute a real time estimate of the head’s orientation relative to gravity on earth, the brain integrates rotational head motion information from the semicircular canals with otolith signals (reviewed in Goldberg et al., 2012). Ground-based single-unit recording experiments in head-restrained monkeys have shown that some Purkinje cells in the nodulus/uvula of the caudal vermis integrate otolith and semicircular canal inputs during passively applied self-motion to provide an estimate of current head orientation relative to gravity (reviewed in Angelaki and Cullen, 2008). Further, with the loss of canal input (i.e., via canal plugging) these same neurons lose their ability to discriminate between changes in the head’s orientation relative to the gravity and linear head acceleration (Yakusheva et al., 2007). This finding has led to the proposal that, on earth, the vestibular cerebellum computes internal models of the physical laws of motion to provide an estimate of the head’s orientation relative to gravity (reviewed in Goldberg et al., 2012).



Cerebellar Prediction of the Dynamic Sensory Consequences of Gravity During Active Motion

More recently, single-unit recording experiments have further demonstrated that cerebellum-based mechanisms cancel the sensory consequences of gravity during active head movements (Mackrous et al., 2019). The activity of individual cerebellar output neurons was recorded while monkeys actively reoriented their heads relative to gravity. Strikingly, the robust vestibular responses displayed by neurons to the passive head motion were canceled during comparable active head movements. Indeed, such cancellation is required to maintain accurate postural control and perceptual stability. For example, on earth, vestibulo-spinal reflexes are vital to ensuring postural stability in response to unexpected changes in the head’s orientation; they send compensatory motor commands to the neck and axial/appendicular muscles that stabilize posture relative to space. However, when the same head motion is actively generated, these compensatory reflex responses are counterproductive because they would oppose the intended voluntary behavior through space. Indeed, during active movements, this cerebellum-based mechanism suppresses vestibulo-spinal reflex pathways during active movement relative to gravity (Mackrous et al., 2019).

It then follows that in space flight, following the transition to microgravity, both active and passive head movements will produce different (i.e., reduced) otolith afferent input compared to what they would produce on the ground. Notably, head tilts will continue to activate semi-circular canal but not otolith afferents. Thus, the brain experiences a mismatch between its expectation (internal model) of the resulting sensory feedback and actual sensory feedback that is experienced during head movements. During active movements, the initial mismatch between expected and actual otolith input will likely result in higher modulation in neurons in the vestibular nuclei as compared to earth. Over time, however, we speculate that cerebellum-based mechanisms underlie the ability to adapt to such mismatches and update the brain’s internal model to account for the new relationship between expected and actual sensory vestibular input that exists in microgravity.

Indeed, to date, such cerebellum-based adaptation has been demonstrated in ground-based experiments where a resistive load was applied to a monkey’s head while it generated voluntary head movements (e.g., Brooks et al., 2015). Because the application of the load initially altered the relationship between the motor command to move the head and its actual movement, the resultant vestibular sensory feedback was less than expected. Thus, initially, there was a mismatch and vestibular responses were not canceled during active head movements. However, cerebellar output neurons then show trial-by-trial adaptation to the new sensorimotor constraints after many active head movements—until there was again a match between the expected and actual sensory feedback. Once the internal model was updated and there was a match between actual and expected sensory feedback, vestibular responses were again canceled during active head movements. This finding has direct implications for behavior, since these cerebellar output neurons send descending projections to vestibular nuclei neurons that mediate vestibulo-spinal reflexes. Given that these reflexes are essential for maintaining posture and balance, the brain’s ability to adapt its descending commands to account for changes in the environment is essential. We propose that a similar cerebellum-based mechanism accounts for adapting to learning a new match between expected and actual sensory consequences of gravity when an astronaut is initially exposed to microgravity or returns to the ground following sustained exposure to microgravity.

Additionally, over longer time periods in microgravity, vestibular pathways are also likely to reweight this extra-vestibular information to compute more reliable estimates of head orientation. Prior ground-based studies in monkeys following peripheral vestibular loss have insights into the neural mechanisms that underlie the re-weighting of sensory information when vestibular information becomes less reliable (Sadeghi et al., 2010, 2011, 2012; Jamali et al., 2014). Notably, in normal rhesus monkeys (and presumably humans), central pathways do not integrate vestibular and proprioceptive signals at the level of the vestibular nuclei; vestibular nuclei neurons are insensitive to passively applied stimulation of proprioceptors. Instead, the integration of vestibular and proprioceptive only occurs at the next levels of vestibular processing, for example in the rostral fastigial nucleus of the cerebellum (Brooks and Cullen, 2009; Brooks et al., 2015) and vestibular thalamus (Marlinski and McCrea, 2008; Dale and Cullen, 2015). Surprisingly, however, following a peripheral vestibular loss, vestibular nuclei neurons demonstrate strong responses to passively applied stimulation of proprioceptors, suggesting that a form of homeostatic plasticity compensates for the reduced reliability of the vestibular input (Sadeghi et al., 2010, 2011, 2012).

Thus, the dynamic re-weighting of inputs from different modalities (i.e., extravestibular vs. vestibular) is observed even at the first stage of central processing in the vestibular nuclei following a peripheral vestibular loss. At least two types of extravestibular inputs substitute for the lost vestibular input: (1) proprioception; and (2) motor efference copy signals. Initially, robust responses to passive stimulation of neck proprioceptors are rapidly unmasked (within 24 h) and are linked to the compensation process as evidenced by faster and more substantial recovery of the resting discharge in proprioceptive-sensitive neurons (Sadeghi et al., 2010). Over the long term, efference copy signals also contribute to neuronal responses such that the efficacy of vestibular pathways is enhanced for active vs. passive self-motion (Sadeghi et al., 2010, 2011, 2012). Such re-weighting of extra-vestibular information in early vestibular pathways is also likely to occur in microgravity, where otolith organs are unloaded and thus are no longer stimulated as they would be on earth. We speculate that these results have implications for better understanding compensation and adaptation to vestibular functional disruption. Consistent with this proposal, recent MRI studies in astronauts pre- vs. post-flight have provided evidence for vestibular/proprioceptive sensory re-weighting and adaptive neuroplasticity at higher levels of processing in the cortex (Hupfeld et al., 2021).

Indeed, there is evidence from both space- and ground-based studies that such extra-vestibular sensorimotor feedback can rapidly influence the online processing of vestibular information for the control of balance (Marsden et al., 2003) and locomotion (Mulavara et al., 2012; Forbes et al., 2017). Additionally, we note that vision provides important “extra-vestibular” information about self-motion and spatial orientation, as was elegantly demonstrated by the “visual reorientation illusion” experiments of Howard and colleagues (e.g., Howard and Hu, 2001; Jenkin et al., 2003). Future experiments focused on the neural mechanisms responsible for the reweighing of extra-vestibular and vestibular information following exposure to altered gravity are required to fully understand the mechanisms responsible for the changes observed in astronaut performance/strategies during space flight.

In summary, we propose that the results of recent ground-based studies of the neural mechanisms underlying sensorimotor adaptation provide important insights into the central changes that occur in the brains of astronauts before and after space exploration missions.




CONNECTING THE DOTS BETWEEN GROUND- AND SPACE-BASED NEUROPHYSIOLOGICAL STUDIES OF VESTIBULAR PATHWAYS AND THEIR COMPENSATION

Above, we reviewed the results of space-based research that have revealed significant modifications in the cellular and subcellular structure of the vestibular pathways at multiple levels (Figure 1)—from the vestibular periphery (increase in the mass of the otoconia, initial hypersensitivity of otolith afferents) to the cerebellum (changes in Purkinje cell dendritic/synaptic morphology). On earth, two key ground-based models: (i) vestibular peripheral lesion (e.g., labyrinthectomy); and (ii) sensorimotor adaptation have proven essential to our fundamental understanding of the adaptive capacity of vestibular pathways and neural mechanisms that underlie this adaptation.

First, the results of ground-based single unit studies using vestibular peripheral lesions have been essential to furthering our knowledge of how central mechanisms compensate for the sustained reduction in vestibular input. Following unilateral labyrinthectomy, peripheral afferent responses in the intact nerve (i.e., the contralesional nerve) are comparable to control levels when recorded >1 month after lesion (Sadeghi et al., 2007). As reviewed in “What Are the Implications of Ground-Based Models for Understanding How the Vestibular System Adapts to Microgravity” section above, long-term compensation following vestibular peripheral lesion is mediated by “central strategies” based on the re-weighting of extra-vestibular inputs and updating of internal models. Likewise, as reviewed in “Our Brains Are Wired to Keep Track of Gravity: What Happens to the Vestibular System in Space” section above, in nonmammalian species peripheral afferent responses are comparable to control levels after 5 days in space (Bracchi et al., 1975) and 24 h after returning to the ground (Boyle et al., 2001). Thus, this latter result in nonmammalian species is similar to what has been observed in the intact nerve following unilateral labyrinthectomy in ground-based studies of primates. Nevertheless, future studies will be required to establish whether and how the sensitivities of mammalian vestibular afferent sensitives initially change during the first days of space flight.

Second, the findings of ground-based single unit studies of sensorimotor adaptation have provided additional insights into the adaptive capacity of central vestibular pathways that have important implications for space flight. As reviewed above, central vestibular neurons and cerebellar output neurons demonstrated trial-by-trial updating of altered sensory feedback during active head rotations (Brooks et al., 2015; Cullen and Brooks, 2015). These experiments establish the neural correlate for a cerebellum-based forward model that computes an estimate of the sensory consequences of voluntary motion (Brooks et al., 2015). Additionally, recent experiments have further made the important discovery that this forward model also continually accounts for the sensory consequences of gravity during active motion (Mackrous et al., 2019). Thus we predict that, during space flight and then again following landing, these same cerebellar output neurons show comparable updating to account for changes in the force of gravity.

Together, these findings suggest that the design of more effective countermeasures to maintain crew health and performance could be obtained by optimizing exercises that accelerate these early stages of compensation (i.e., sensory re-weighting and the updating of internal models). Further, reports of improved posture and locomotion after re-entry for more experienced astronauts (e.g., number flights; Bloomberg et al., 1997; Moore et al., 2006) suggest that experience influences the ability to rapidly update a vestibular based internal model and has interesting implications for the design of pre-flight training regimes. Future work coupling neuronal recordings with vestibular peripheral lesion and sensorimotor adaptation as well as other established ground-based models, such as centrifugation, will likely provide additional insight into the neural mechanisms that underlie and potentially facilitate adaptation during space flight.



CONCLUSIONS

Most astronauts experience motor and perceptual impairments as well as motion sickness during the first 3–4 days of both space flight and then again after returning to earth (Lackner and Dizio, 2006). As we reviewed above, there are many reasons to believe that such symptoms occur due to a mismatch between the brain’s internal model of the expected sensory consequences of active behaviors and the actual sensory reafference that is experienced. Most notably, changes in the force of gravity alter the sensory input from the vestibular system, because the absence of gravity results in an unloading of the otoliths during space exploration, and then the reloading of the otoliths again upon re-entry. Such marked changes in otolith input initially produce a mismatch between the brain’s expectation of sensory consequence of head motion and that which is experienced. Accordingly, many flight-based experiments have investigated how the vestibular sensory organs as well as central vestibular neural pathways respond and adapt to the transition from gravity to microgravity and vice versa. For example, increased otoconial mass and hair cell numbers are observed following a week in microgravity, as are central changes in the brainstem and cerebellum. Correspondingly, opposite trends are observed upon re-entry.

Importantly, such space-based investigation has been furthered by single unit studies using ground-based models—including labyrinthectomy and sensorimotor learning—in which the relationship between expected and actual vestibular input is systematically altered. The results of these ground-based experiments suggest that the brain uses two key strategies to adapt to altered gravity: (i) the updating of a cerebellum-based internal model of the sensory consequences of gravity; and (ii) the re-weighting of extra-vestibular information as the vestibular system becomes less (i.e., entering microgravity) and then again more reliable (i.e., return to earth). Both strategies have rapid time courses, with the updating of a cerebellum-based model of the sensory consequences of gravity occurring over a few movements (Brooks et al., 2015; Mackrous et al., 2019), and significant sensory re-weighting occurring within 24 h and stabilizing after ~5 days (Sadeghi et al., 2010, 2011, 2012). Strikingly, it is during this time window that astronauts display motion sickness (reviewed in Carriot et al., 2015). Accordingly, we propose that further advancing our knowledge of the neural mechanisms that mediate adaptation will have important implications for understanding how to optimize training programs that account for the environmental challenges of astronauts before and after space exploration missions. Finally, we note that multiple factors (e.g., changes in plasma volume, heart rate, maximal muscle power, etc.) in addition to altered vestibular input ultimately contribute to impact crew performance during space flight. Understanding the interactions between changes in vestibular input and these additional stressors and their impact on astronaut performance will be an important direction for future research.
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Two experiments, with 17-day and 120-day isolation, were carried out within the frame of the Scientific International Research in Unique Terrestrial Station (SIRIUS) international project at the Institute of Biomedical Problems (Moscow, Russia). Manifestations of the “detachment” phenomenon in the crew – mission control center (MCC) communication previously identified in the Mars-500 project were confirmed in this study. As in the Mars-500 experiment, in the SIRIUS-19, the landing simulation in the halfway of isolation caused a temporary increase of crew communication with MCC. We also revealed several differences in the communication styles of male and female crew members. By the end of the experiment, there was a convergence of communication styles of all the SIRIUS crew members and also an increase in crew cohesion.
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INTRODUCTION

With the increase in the duration of the space missions, autonomy becomes one of the significant stress factors that need special attention. During the exploratory flight to Mars, communication delays will unavoidably diminish the effectiveness of the distant crew psychological support from the mission control center (MCC). While the autonomy factor gets combined with a variety of other stress factors (such as microgravity and sensory deprivation), crew members need to effectively cope with stressful conditions by themselves with limited autonomous resources available on board. At present, the strategy of selection of the cosmonauts for interplanetary flights remains uncertain and the search for measurable psychological indicators of effective coping with stress under isolation stays relevant.

The results of communication studies in the Mars-500 project (Ushakov et al., 2014) have shown that simulation of the autonomous spaceflight conditions, including the absence of additional resupplies and communication delay, may lead to manifestations of the psychological “detachment” phenomenon described by Kanas and Manzey (2008). According to the authors, it is caused by the progressive increase in crew autonomy with the loss of the visual image of their home planet that could negatively influence the mood, morale, and overall activity of the crew and induce groupthink (Janis, 1983).

Such a “detachment” may lead to resistance of crew members to the recommendations of the mission control and predominance of their decision-making based on their knowledge, values, and priorities. During the Mars-500 experiment, we observed a decrease in informing the crew of the MCC about their needs and problems and an increase in the number of independent decisions (based on knowledge, values, and goals of the isolated small group). Sometimes, this prevented the MCC from making effective decisions based on a clearer understanding of the situation on board and made it difficult to make practical recommendations. The increasing autonomy in the Mars-500 crew behavior was determined by the fact that after adaptation to isolation, the “marsonauts” realized that they learned how to solve emerging problems independently without any harm for the Mission Protocol. Analysis of communication data in the Mars-500 experiment (especially during and after the period of simulated “complete communication loss”) showed that the inability to receive confirmation of one opinion from the MCC immediately and, thus, to satisfy the need associated with the information insufficiency and coping with uncertainty, leads further to the mistrust and breaking of the established information circuit between the crew and the MCC. Both sides became more and more dissatisfied with these contacts, based on their further decisions not on the current data about the mutual positions, but the assumptions. We consider these processes in the interaction between the crew and the MCC as a manifestation of the “detachment” phenomenon, enhanced by increasing asthenization of the central nervous system due to isolation, monotony, confinement, lack of physical activity, and communication limitations (Myasnikov and Stepanova, 2000; Kanas and Manzey, 2008; Kanas, 2015).

The results of the Mars-500 experiment confirmed the concerns about a possible adverse effect of the communication delay on the quality of information exchange between the crew and the MCC. However, the small statistical sample on which these results were obtained required further research. That was made within the frame of the Scientific International Research in Unique terrestrial Station (SIRIUS) international project, consisting of several isolation studies of various duration (from 2 weeks to several months), which simulated a flight to the moon of the international mixed gender crews. In the SIRIUS project, the same set of pressurized chambers was used as in the Mars-500. During the experiment, the international crew simulates the execution of landing operations in the middle of the mission as in the Mars-500. Also, a 5-min delay in communication between the MCC and the crew is reproduced again and additional resupplies are rare. These operational similarities in the simulation of the interplanetary missions made it possible to compare the results of the psychological analysis of the communication of the crew, despite the different confinement duration.

The main difference in the Mars-500 and the SIRIUS experiments is the mixed gender crew. First studies on the mixed gender behavior and interactions of the crews under confinement were conducted in the Institute for Biomedical Problems (IBMPs) in the 1980s. During these studies, gender stereotypes led to interaction problems that created psychological tension and conflicts in the confined group (Orlov et al., 2018). The results of the experiments helped to organize proper medical and psychological support for the flights of the SE Savitskaya and EV Kondakova to the Soviet space stations. The Simulation Of Flight of International Crew on Space Station (SFINCSS-99) experiment, one of the first confinement experiments with mixed national and gender composition crew, simulated the International Space Station (ISS) crew interactions. One of the experimental crews (confined for 110 days) included a woman. As in the previous studies, crew members reported problems in interaction and one of the subjects left the chambers in the middle of the mission (Baranov et al., 2001). United States researchers also made studies involving gender-balanced male and female crews in the Flashline Mars Arctic Research Station (FMARS) program, simulation of human Mars mission. Studying the psychological adaptation peculiarities, Bishop et al. (2010) detected the differences in coping strategies used by the female and male crew members. They reported that for the male crew members, coping strategies of avoiding and ignoring problems were more typical. Female crews frequently demonstrated more effective coping, aimed to reduce emotional stress and resolve problems.

The research objective was to study the influence of various unfavorable factors of the interplanetary missions – long-term isolation, communication delay, stress, crew cohesion, and gender differences – on the crew communicative behavior. We also attempted to compare the crew communication data from the two longitudinal isolation studies simulating interplanetary missions, the Mars-500 and the SIRIUS, in order to define the general tendencies of isolated crew interaction with MCC under the communication delay.



MATERIALS AND METHODS


Participants

A total of six volunteers took part in the 17-day isolation (SIRIUS-17): three women aged 28–37 years, all Russian, and three men aged 33–44 years: two Russian and one German.

The study in the SIRIUS-19 120-day isolation involved three women aged 29–33 years, all Russian, and three men aged 31–44 years: one Russian and two American.

Thus, in both the studies, the interaction between multicultural crews and national (Russian) MCC was observed.



Bioethics and Informed Consent

The studies involving the human participants were reviewed and approved by the Bioethical Commission of the Institute of Biomedical Problems of the Russian Academy of Sciences (protocol No. 501 of February 18, 2019) and fully complied with the principles of the 1964 Declaration of Helsinki.

Each study participant voluntarily signed an informed consent after having the potential risks, benefits, and nature of the upcoming study explained to them.



Design of the Study

The SIRIUS-17 and the SIRIUS-19, ground-based interplanetary flight chamber simulations, took place in the IBMP, Russia, from October to November 2017 and March to July 2019 accordingly. Both the experiments simulated operations and activities at the lunar orbital station: docking, remote control of the rover on the lunar surface, manipulations with a robotic arm, medical and psychological research, and maintenance operations in the pressurized chambers.

The SIRIUS-17 isolation was rather short to determine the longitudinal patterns of the crew communication; thus, the presented data were mainly obtained during the 120-day SIRIUS-19 experiment.

The 120-day long SIRIUS-19 mission included the following main stages: a flight to the moon followed by a flyby to search for a lunar landing site, a 6-day lunar landing of four crew members for the surface operations, stay on the lunar orbit, and remote control of the lunar rover to prepare the base, and then return to the base.

The main source of data for the analysis of communication between the crew and the MCC were daily (morning and evening) planning conferences [daily planning conference (DPC), similar as on board of the ISS] and other video messages recorded and sent by the crew. For ethical reasons, the analysis of private communication was not made.

The crew-MCC communication without signal delay (by phone) was implemented in the first and last 10 days of the 120-day isolation. On days 11–108, only delayed communication (5 min one way) was possible according to the Mission Scenario.



Content Analysis Method

In the SIRIUS experiments, we used the traditional method of content analysis of crew communication with the MCC applied for inflight and ground experiments in the IBMP (Gushin et al., 2016). The content analysis method transforms the content of communication to a limited reproducible set of quantitatively measurable categories amenable to computer processing based on the clear coding rules (Krippendorf, 1980; Neuendorf, 2019; Yusupova et al., 2019). The main categories of our content analysis method represent the coping strategies. The idea of stress manifestation through the coping strategies was proposed by Lazarus and Folkman (1984), who demonstrated that the coping strategies are emotional, motivational, cognitive, and behavioral constructs that manifest in all the types of activities including speech. People use coping strategies to adapt to situations requiring psychological stability, to reduce the experienced stress level. One of the generally accepted classifications of the coping strategies places them on two independent scales (Lazarus and Folkman, 1984): problem-focused (problem solving) and emotion-focused (reducing one emotional stress) coping strategies. We should mention that one coping strategy may be problem focused or emotion focused in the different conditions (Scheid and Wright, 2017). In this study, we additionally used categories of the coping strategies described by Suedfeld et al. (2009) who was the first to make the content analysis of the memoires and interviews of the astronauts. More than 20 categories of analysis, including such important operational categories as “problem,” “demand/request,” “time” (a category related to the perception of time as a resource), and several categories reflecting the use of stress-coping strategies, used by the crew members to reduce stress and resolve the problem in communicative behavior, for example, “confrontation,” “avoiding,” and “taking responsibility” (Table 1).


TABLE 1. Coping strategies divided by communicative effectiveness.
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Facial Expressions and Speech Acoustic Characteristics Analysis

Along with the content analysis, we used an automated analysis of video and audio recordings of the communication of the crew members with the MCC. One of the main indicators reflecting the functional state of the subjects is the general emotionality of non-verbal communication (facial expression). The opposite indicator is the share of neutral facial expressions, in other words, relatively unemotional, calm communication. The video recordings were processed by using the FaceReader software based on the validated (Stöckli et al., 2018) algorithm registering manifestations of basic emotions in human facial expressions. Several acoustic characteristics of a speech signal such as the fundamental frequency (F0), signal intensity (loudness), the number of voice pulses, shimmer, and jitter effects (variability of the speech signal in amplitude and frequency, respectively), correlating with the level of psychophysiological tension of the speaker, reflecting changes in his functional state were studied (Kartavenko, 2005; Frolov and Milovanova, 2009). The Praat software was used for the acoustic analysis of audio recordings.



Additional Tests and Questionnaires

The State-Trait Anxiety Inventory (STAI) questionnaire was used to measure anxiety levels. To assess the interpersonal preferences in situations of work and leisure activities and cohesion, we used classical sociometry (Zhukov, 1981). We used the Personal Self-Perception and Attitudes (PSPAs) software (Vinokhodova and Gushin, 2014) for analysis of interpersonal perception – in particular, to assess how similar to themselves (or “close”) the subjects perceive their crewmates.



Statistical Analysis

The used statistical methods included the ANOVA, factor analysis by the principal component extraction method (Varimax rotation method with Kaiser normalization), and comparison of the mean of two independent samples (the Mann–Whitney U test and the Wilcoxon rank-sum test).



RESULTS


Dynamics of the Crew Communication Behavior During the Isolation

During the first 10 days of the SIRIUS-19 confinement, we registered highly intensive crew-MCC audio (phone) communication: 320 sessions of audio conversations with a total duration of 11 h. In the last 10 days of the isolation, when audio communication was possible again, we registered only 34 sessions of audio conversations with a total duration of 1 h 17 min.

After adapting to the experimental conditions (including communication delay that started from the 11th day of isolation), the crew, such as in previous long-term experiments (for example, the Mars-500), demonstrated autonomy and independence. During 4 months of isolation, the SIRIUS-19 crew transmitted 2,399 video messages to the MCC, including video of morning and evening DPCs from each crew member, of a total duration of 38 h 35 min. The MCC transmitted to the crew 1,047 video messages, including answers to questions asked during the DPC, with a total duration of 18 h and 40 min. During the isolation period, the crew also transmitted 145 text messages (“radiograms”) to the MCC and received almost 10 times more (1,035) radiograms from the MCC. Radiograms from the MCC, as a rule, included formal instructions on the methods performed during the corresponding days.

The number of video messages transmitted by the crew decreased during isolation – from 200 in the first week of isolation to 115–120 during the last weeks. The duration of video recordings also decreased significantly (Figure 1).


[image: image]

FIGURE 1. Video messages of the crew duration under isolation.


Content analysis of the audio and video communication showed a decrease in the expression of the needs and problems of the crew, seek for support. In particular, there was a significant decrease in the frequency of such categories as “problems,” “requirements/requests,” and “time” (Figure 2).
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FIGURE 2. Monthly dynamics of the average daily number of statements in the “problems,” “requests,” and “time” categories in crew communication with the mission control center (MCC). Circles and asterisks indicate, respectively, outliers and extreme outliers (significantly different values on some days of the isolation, according to SPSS statistical calculations).


We also found a significant difference in the communication parameters in the first and the second halves of isolation. A temporary increase in external communication was observed only during simulation of the landing on the lunar surface (9–10 weeks of isolation).

The study of facial expressions in the video messages of the subjects during the 4-month isolation revealed significant changes in their emotional status (Table 2). For three crew members (B, C, and D), a decrease in the general emotionality of communication was observed, for two of the crew members (A and E) – an increase, i.e., subject A showed a significant increase in negative emotions with a decrease in positive ones, while subject E had the opposite tendency.


TABLE 2. Correlation of basic emotions expression in the facial expressions and isolation duration of the crew members.

[image: Table 2]Analysis of the main acoustic indicators in crew talks with the MCC during the first month of the experiment confirmed the impact of the acute period of adaptation to the isolation conditions. During the first 4 days of isolation, the F0 and the voice volume (intensity of the speech signal) in all the subjects were higher than average. At the end of this period (by the fifth day), the acoustic parameters returned to the individual norms. Their next rise occurred on the 8–12th day of isolation when a 5-min communication delay began to influence communication. During this period, we observed an increase of F0 (significant), the intensity of speech signal, the number of voice impulses, and the proportion of non-sounded speech fragments.

Study of speech acoustic characteristics revealed an increase in the number of voice impulses and shimmer effects in the speech signal during the isolation. Also, a decrease in the number of non-sounded speech fragments (pauses) and the fundamental frequency of speech was detected (Figure 3). Starting from the second month of isolation, a difference between the morning (lower) and evening (higher) F0 was noted for all the crew members, probably, corresponding to increasing fatigue level. The “moon landing” period was characterized by an increase in the number of pauses in speech, in F0 and speech volume, and in the number of voice impulses. At the same time, during this period, technical problems with speech recording often arose (due to the splitting of the crew in two parts for the “landing”) and, therefore, the obtained data were incomplete.
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FIGURE 3. Dynamics of the fundamental frequency of speech in the Scientific International Research in Unique Terrestrial Station (SIRIUS) crew members during 120 days of isolation.




Influence of Gender Differences on Communication Behavior Characteristics

In the SIRIUS-19 isolation, several differences in communication of gender subgroups were also revealed, while using verbal (content analysis) and non-verbal (speech acoustics and facial expressions) communication analysis methods.

According to the content analysis results, the statements of female crew members had an emotional connotation more often, both positive (p < 0.001) and negative (p < 0.001). Stress coping with the help of humor (p < 0.001) and positive reassessment of the situation (p < 0.001) also dominated among women. The informational component of communication was more pronounced in women due to the prevalence of such communication categories as initiative (p = 0.011), information (p = 0.002), and logistics (p = 0.021) compared to men. Female crew members were more likely to provide and seek support, they mentioned sleep quality (p < 0.001) more often, and also regularly talked about their efforts (p < 0.001) during the performance of working operations. In the speech of male crew members, the cognitive component was more pronounced (p < 0.001). We can also indicate a tendency among men to use confrontation as a way of social regulation in problem situations (p = 0.084).

The analysis of the communication videos of the crew in the SIRIUS-19 showed differences between gender subgroups in the manifestation of basic emotions (Table 3). In particular, in women, there were more manifestations of joy and sadness emotions. In contrast, men were more likely to demonstrate anger while discussing emerging issues. However, the study of emotional involvement level in communication according to the ratio of a calm facial expression (the so-called neutral expression) and positive/negative emotions showed the bidirectional trends: in men, the average proportion of neutral facial expressions decreased, while in women, this parameter increased during the isolation (Figure 4). Also, linear approximation reliability indicator values (R2 = 0.15 and R2 = 0.24 for men and women, respectively) do not allow to make an unambiguous conclusion about the statistical reliability of the observed linear trends.


TABLE 3. Comparison of gender subgroups by the basic emotions.
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FIGURE 4. Dynamics of the share of neutral emotions in daily planning conferences during isolation.


In the 4-month isolation experiment, we also found differences in dynamics of acoustic speech indicators between the gender subgroups of the SIRIUS-19 crew. In women, we noted a decrease in speech loudness by the end of the experiment (Figure 5), while in men, we observed an increase in the number of vocal pulses (Figure 6). The number of non-sounded speech fragments (pauses) in the speech of the men was higher than in the speech of the women during the first month of the experiment. The difference in indicators that were recorded during the stressful periods of isolation (including the acute period of adaptation) and in “normal” (stable) experimental conditions was less pronounced in women than in men. The differences between male and female subgroups in the number of acoustic indicators (voice impulses and non-sounded speech fragments) decreased during isolation (as shown in Figure 6).


[image: image]

FIGURE 5. Dynamics of speech volume in female and male crew members during isolation.
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FIGURE 6. Dynamics of vocal (glottal) pulses in female and male crew members speech.




Communication Parameters Convergence and Crew Cohesion During the Isolation

It should be generally noted that while the male and female parts of the SIRIUS-19 crew showed significant differences in the style and content of their communication with the control center in the first month of isolation; then, during the experiment, these differences were smoothed out (Figures 4, 6).

It is quite interesting that similar tendencies were also noted according to the data of sociopsychological studies. In the course of isolation, the sociometric cohesion increased and the structure of the group consolidated for the situation associated with participation in the isolation experiment (work activity). The sociometric structure according to the criterion of “joint leisure activities” from the very beginning reflected a very high level of cohesion of the crew (Table 4).


TABLE 4. Crew cohesion criteria during the 4-month isolation.

[image: Table 4]Only after separation of the crew during simulation of the landing, cohesion for the second criterion significantly decreased (p = 0.042) and in the last month, they arise tendencies toward less consolidation and the appearance of isolated group members.

There was an increase in psychological similarity or “closeness” during isolation according to the PSPA results (Figure 7). In this technique, “distances” are measured between the “real self” of each subject and the perceived images of other crew members in the personal psychosemantic space. Psychological “closeness” is calculated as the reciprocal of distance: the greater the distance, the less closeness, and vice versa. During the experiment, the subjects began to describe other crew members as more similar to themselves. These results are consistent with sociometric data about group cohesion for “work” situations.
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FIGURE 7. The psychological closeness of the subjects (whole crew) in the course of isolation.




Coping Strategies and Levels of Reactive Anxiety

The respondents with a medium level of reactive anxiety were 2.24 times more likely to use “informing” statements and used “self-control” statements three times more often than those with low anxiety levels. Also, subjects with medium anxiety levels did not use the “constructive initiative,” “claims,” and “requests” strategies at all (according to content analysis data). These latter three categories were used only by the participants in the low anxiety level group (Table 5). It should be noted that the candidate selection methodology used for isolation experiments, same as the cosmonaut selection procedures, reduces the probability for highly anxious candidates to be accepted to the crew. Due to that, the SIRIUS participants showed medium and low (but never high) scores on Spielberger’s reactive anxiety rating scale.


TABLE 5. Differences in use of content analysis categories between the subjects with low and average reactive anxiety levels.
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DISCUSSION

In space flights, crew communication with the MCC is not only providing the crew with the necessary operational data but also gives additional external stimulation to prevent sensory and social deprivation (Kanas, 2015; Yusupova et al., 2019).

So, on one hand, a decrease in communication volume reflects the better adaptation of the subjects to long-term isolation simulating unfavorable conditions of space flight. Therefore, we interpret the decrease of communication volume as the diminishing need for external stimuli via the audio and video contacts with the MCC to withstand the sensory and social deprivation and monotony. On the other hand, the decrease of communication through the isolation period is associated with progressive mastering of skills needed for the execution of Mission Protocol and equipment management. That helps to gain relative independence from the MCC information support. In comparison with real space flight, under isolation, the crew is doing more standard operations and less involved in technical maintenance of the “spaces station,” so they less need permanent input from the specialists. A decrease in the number of statements, primarily related to the planning and organization, such as “needs” and “problems” of life and work in the chambers, may also indicate further adaptation to the conditions of the isolation and increase in the operational independence of the crew.

It is even more important that crew communication tendencies were similar to those observed in the Mars-500 (Ushakov et al., 2014). As in the previous simulation of an interplanetary mission, international crew decreased communication volume throughout the isolation period. Also, such as in the Mars-500, video messages turned to be the main communication channel of the SIRIUS mission, because, according to the interviews of the crew members, it took less time than written radiograms and allowed to make contacts less formal. In both the experiments, the most important event, landing simulation, caused a significant temporary increase in the crew-MCC contacts. Finally, as in the Mars-500, the crew did not demonstrate benevolence in contact with the MCC, less sharing with earth their problems, and needs in the second part of the mission.

It can be assumed that the consistent decrease in communicative activity is a reflection of the processes of autonomization and possibly mental asthenization of the crew, the effects that were observed in several previous studies (Myasnikov and Stepanova, 2000; Sandoval et al., 2012). Another possible explanation described in the literature and partly confirmed in the “content” space experiment (Russian psychological study of ISS communication of the crews with the MCC) could be a so-called “third quarter” phenomenon (Kanas, 2015; Yusupova et al., 2019). Further studies are needed to additionally test this hypothesis.

The data about gender differences influence obtained in the SIRIUS confirm some of the results of Bishop et al. (2010) from the 4-month “Martian” space simulation experiment focused on differences in the coping strategies used by men and women. However, the study of stress impact on the facial expression and voice acoustics of the subjects mostly demonstrated the individual differences. Also, it should be noted that all the female subjects were Russian, while men were Russian, German, and American, so the cultural background could influence the observed differences.

For the first time convergence in communication, the behavior of subjects with different cultural backgrounds and genders was detected during the isolation period. Also, the increase in crew cohesion was detected simultaneously. It can be assumed that, as in the autonomous long-term international expeditions of the famous traveler Thor Heyerdahl, difficult conditions of isolation experiments contributed to the convergence of life positions and also styles of behavior and communication of the crew members (Senkevich, 2017).

A study previously conducted in the Mars-500 isolation experiment (Kuznetsova et al., 2017) showed a correlation between the state anxiety and the capacity for emotional self-regulation (as an aspect of psychological stress resistance). Crew members with low state anxiety showed higher results in positive emotional self-regulation that was developing throughout the experiment, while crew members with higher anxiety results showed an opposite trend.

To analyze the differences in communicative strategies between the subjects with low and medium anxiety levels, we also turned to the psychodynamic theory, quite esteemed in psychotherapeutic and clinical practice, and transactional theory of communication by Berne (1961). He identified “horizontal” (on equal terms, in his terminology – “adult-adult”) and “vertical” (situations of inequality, “older–younger” or “parent–child”) types of communicative interactions. When applying Berne’s theory to the results of this study, we can see that the tendency to “horizontal” (equal) interaction as equal cooperation was observed in the participants with low anxiety levels and manifested itself in the use of problem-focused coping strategies, as “constructive initiative,” “informing,” “requests and demands,” and “claims.” The tendency to “vertical” (unequal) interaction was observed in the participants with medium anxiety levels and manifested itself in the use of a “self-control” coping strategy, mainly focused on suppressing emotional stress.



CONCLUSION

Analysis of the communication of the international mixed gender crews in the SIRIUS experiments confirmed manifestations of the “detachment” phenomenon in the crew–MCC communication previously identified in the Mars-500 project. When crew members adapted to the mission conditions, they needed less recommendations of the MCC and this manifested both in a decrease in the total communication volume and in the expression of information needs that the MCC could satisfy in conditions of communication delay. As in the Mars-500 experiment, in the SIRIUS-19, the landing simulation in the halfway of isolation caused a temporary increase of crew communication with the MCC.

We also revealed some differences in the communication styles of male and female crew members, confirming the results of Bishop et al. (2010) from the Martian simulations. The subgroup of women more often (than the subgroup of men) informed the MCC about existing problems, but also regularly expressed their support and their communication was, in general, more emotional. Despite the initially revealed differences in communication both in the gender subgroups and in individuals, by the end of the experiment, there was a convergence of communication styles of all the SIRIUS crew members in such parameters as communication volume, its emotionality, and certain acoustic indicators. However, it is too early to make more general conclusions due to small sample sizes (six men and six women) and pronounced individual differences in all the subjects.
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The deep space environment contains many risks to astronauts during space missions, such as galactic cosmic rays (GCRs) comprised of naturally occurring heavy ions. Heavy ion radiation is increasingly being used in cancer therapy, including novel regimens involving carbon therapy. Previous investigations involving simulated space radiation have indicated a host of detrimental cognitive and behavioral effects. Therefore, there is an increasing need to counteract these deleterious effects of heavy ion radiation. Here, we assessed the ability of amifostine to mitigate cognitive injury induced by simulated GCRs in C57Bl/6J male and female mice. Six-month-old mice received an intraperitoneal injection of saline, 107 mg/kg, or 214 mg/kg of amifostine 1 h prior to exposure to a simplified five-ion radiation (protons, 28Si, 4He, 16O, and 56Fe) at 500 mGy or sham radiation. Mice were behaviorally tested 2–3 months later. Male mice that received saline and radiation exposure failed to show novel object recognition, which was reversed by both doses of amifostine. Conversely, female mice that received saline and radiation exposure displayed intact object recognition, but those that received amifostine prior to radiation did not. Amifostine and radiation also had distinct effects on males and females in the open field, with amifostine affecting distance moved over time in both sexes, and radiation affecting time spent in the center in females only. Whole-brain analysis of cFos immunoreactivity in male mice indicated that amifostine and radiation altered regional connectivity in areas involved in novel object recognition. These data support that amifostine has potential as a countermeasure against cognitive injury following proton and heavy ion irradiation in males.

Keywords: amifostine, heavy ion radiation, cognition, cFos, sex differences


INTRODUCTION

The possibility of extended human space travel is getting closer and closer to fruition. An important factor to consider is the safety of flight teams on extended missions, such as to the moon and to Mars. Galactic cosmic rays (GCRs) and solar particle events (SPEs) are unique and dangerous features of space travel. GCRs are comprised of ionized atomic nuclei from naturally occurring elements, such as hydrogen and silicon, while SPEs primarily contain low-to-medium energy protons (Simonsen et al., 2020). Both pose a risk to astronauts during and following missions, in addition to the other physical and psychological strains that are inherent to deep-space flights (Stuster, 2010). Moreover, recent cancer therapies are utilizing protons and heavier ions (Pompos et al., 2016). Proton radiotherapy decreases damage to healthy tissue and is overall associated with higher survival rates (Higgins et al., 2017).

Previous animal research supported by NASA involved studying the effects of single heavy ion exposure on behavioral and cognitive performance, with a specific focus on hippocampal function. Studies from our lab and others have shown altered hippocampal function following exposure to particles present in the space environment such as protons (Sweet et al., 2014; Parihar et al., 2015; Sokolova et al., 2015; Impey et al., 2016b; Rudobeck et al., 2017), 16O (Poulose et al., 2011; Raber et al., 2015a; Rabin et al., 2015), 56Fe ions (Shukitt-Hale et al., 2003; Rola et al., 2004; Villasana et al., 2008; Vlkolinský et al., 2008; Allen et al., 2015), and 28Si ions (Raber et al., 2015b; Whoolery et al., 2017). These studies uphold early work from the Soviet space program: male Wistar rats that were exposed to 24-h gamma radiation on the Cosmos 690 satellite in 1974 showed impaired spatial navigation and decreased ability to handle mental workloads (Ahlers et al., 1976; Clement et al., 2020).

Investigations into the effects of combinations of charged particles have only more recently been pursued. For example, we reported earlier that novel object recognition was impaired in male and female mice 3 months following 500 and 2000 mGy doses of a combination of three beams (protons, 16O, and 28Si), and neuronal inflammatory markers differed between the sexes (Raber et al., 2019). Similarly, female mice that received a dose of 500 or 2000 mGy six beam radiation (protons, 4H, 16O, 28Si, 48Ti, and 56Fe) also showed novel object recognition impairment 3 months later, and both males and females expressed fear memory impairment (Raber et al., 2020).

Exposure to both individual and combined particles has long-term effects on the central nervous system. We have previously shown that simulated space radiation with protons or 56Fe ions alters expression of immediate-early genes (IEGs), specifically Arc mRNA levels (Raber et al., 2014, 2016; Impey et al., 2016a,2017). IEGs are essential for synaptic plasticity and play an important role in learning and memory (Richardson et al., 1992; Demmer et al., 1993; Yin et al., 2002). Hippocampal cFos expression specifically has been shown to be essential for spatial learning and memory, including spatial habituation and novel object recognition (Barbosa et al., 2013). It is possible, then, that alterations in IEGs due to space radiation contribute to the observed behavioral and cognitive impairments. Moreover, it is likely that there are brain-wide disruptions, but limitations in technology have restricted wide-scale whole brain network changes.

Beyond the hippocampus, several other brain regions have been identified as important for intact object recognition, such as the sensorimotor cortex, amygdala, rhinal cortex, and subiculum (Moses et al., 2005; Antunes and Biala, 2012; Chen Y. et al., 2018). Recent advances in whole-brain immunohistochemistry and microscopy have opened up the ability to assess cFos expression throughout the brain (Kim et al., 2015, 2017; Renier et al., 2016), providing unique opportunities to easily analyze many regions essential for specific tasks as well as explore regional connectivity (Zuloaga et al., 2015).

Considering the evidence pointing to detrimental cognitive effects following simulated single particle- and combined-GCR exposure, it is important to develop strategies to mitigate these effects. Amifostine (WR-2721) is an FDA-approved radioprotectant commonly used during cancer treatment to protect non-tumorous tissue from photon radiation (Bensadoun et al., 2006; Dziegielewski et al., 2008; Gu et al., 2014; Buntzel et al., 2016). It is cleaved into the active metabolite WR-1065, which protect cells by scavenging free radicals, increasing the speed of DNA repair, and mitigating other immune signals (Dziegielewski et al., 2008). In male mice, amifostine (214 mg/kg, 30 min before exposure to 2 Gy of 60Co gamma-rays at dose-rate of 3.1 Gy/min) mitigated the effects of gamma radiation on novel object recognition 2 days after exposure (Lee et al., 2010). Our preliminary data also indicated that an amifostine analog administered once prior to exposure with 28Si ions (0.2 Gy, 300 MeV/n) had long-term effects on novel object recognition 3 months following exposure, but that these effects were dependent on sex: irradiated males showed cognitive impairment that was rescued by the amifostine analog, but this did not change behavior in females (Bacher et al., 2019). Research into the effects of amifostine in females is glaringly lacking, though. Females clear plasma amifostine faster than males (McKibbin et al., 2010). However, to the best of our knowledge, there are no reports of the effects of amifostine on learning and memory outcomes in females.

Here, we tested if a single treatment with amifostine given prior to radiation exposure could mitigate the long-term behavioral alterations and cognitive deficits induced by space radiation using 6-month-old male and female C57Bl/6J mice. We predicted that both a middle (107 mg/kg) and high (214 mg/kg) dose of amifostine would reduce behavioral alterations and rescue cognitive deficits in male and female mice 3 months following a simplified five-beam exposure. Additionally, we sent a sub-set of brains to Certerra, Inc. for whole-brain imaging of cFos to assess the effects of radiation and amifostine on IEG expression. We hypothesized that exposure to the simplified five-beam would alter cFos expression and that amifostine would normalize expression. As – to the best of our knowledge – this is the first study that assesses the effects of amifostine in both sexes, we did not originally predict different effects in males and females. Our results can inform novel cancer therapies as well as countermeasures that can be taken by astronauts on deep-space missions. While these two populations – cancer patients and astronauts – are notably distinct, research characterizing exposure to heavy ions and mitigating factors is informative for both groups.



MATERIALS AND METHODS


Mice and Radiation Exposure

Ninety-six C57Bl/6J (WT) male and female mice were ordered from Jackson Laboratories (Bar Harbor, ME) at 6 months of age. Mice were delivered to and housed in the NASA Space Radiational Laboratory (NSRL) at the Brookhaven National Laboratory (BNL). Two weeks after acclimating to the BNL animal facilities, mice were exposed to a whole-body 500 mGy dose of simplified five-beam GCR (Simonsen et al., 2020) or a sham exposure. The simplified five-beam GCR is delivered sequentially as follows: protons, 28Si, 4He, 16O, and 56Fe, protons (for dose fractions and energies, see Table 1). One hour prior to radiation or sham exposure, mice were treated with an intraperitoneal (i.p.) injection of saline, 107 mg/kg, or 214 mg/kg of amifostine. These doses were chosen as they have previously been shown to counter negative effects of whole-body gamma radiation (Lee et al., 2010; Cheema et al., 2019). One week later, mice were shipped to the Oregon Health & Science University (OHSU). Behavioral and cognitive testing occurred 2–3 months after exposure, as our main goal was to assess long-term effects. Estrous cycle was not tracked in females.


TABLE 1. Break-down of the simplified five-beam radiation components.

[image: Table 1]
Animals were group housed 4 to a cage throughout the duration of this study, except during the 1-week activity monitoring period (see below). Food and water were provided ad libitum. Lights were on a standard 12 h light: dark cycle. Mice were split evenly between groups, such that n = 8 mice per sex per amifostine dose per radiation condition. Animals were monitored daily by staff for signs of pain or distress. Body weights were recorded weekly over the entire course of the experiment, starting prior to radiation or sham exposure. The entire experimental design is depicted in Figure 1A.
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FIGURE 1. Experimental timeline and home-cage activity data. (A) Six-month-old male and female C57Bl/6J mice received an injection of saline, 107 mg/kg, or 214 mg/kg of amifostine 60 min before exposure to the simplified five-beam simulated galactic cosmic rays or the sham hotel. Mice were then shipped to the authors’ institution. Two months following exposure, home-cage activity was recorded for 1 week. After another month, mice underwent open field and novel object recognition tests. Two hours following the novel object test, mice were euthanized, and tissue collected. (B–G) Home cage activity data. In male mice, we found a main effect of amifostine (p = 0.010) and amifostine-by-radiation interaction (p = 0.038) during the light cycle (B). Mice injected with saline were significantly different than mice injected with 214 mg/kg (p = 0.005) and trended toward different from 107 mg/kg (p = 0.054). No differences in average dark activity were found in males (C). There was an effect of amifostine (p = 0.003) and amifostine-by-radiation interaction (p = 0.002) when the ratio of activity during the dark to activity during the light was analyzed in male mice (D). All groups were different than the Sham-Saline group. In female mice, there were no differences in average light activity (E), average dark activity (F), or the ratio (G). Data are presented as means ± SEMs. ∧p < 0.06; *p < 0.05; **p < 0.01; #p < 0.001.


All animal procedures were consistent with ARRIVE guidelines and reviewed and approved by the Institutional Animal Care and Use Committee at BNL and OHSU.



Activity Monitoring

To assess the effects of heavy ion exposure and amifostine on sleep-wake cycles, animals were placed into non-invasive home cage activity monitoring devices 2 months after exposure to sham or radiation (MLog, Biobserve, Germany) for 1 week (Johnson et al., 2015). Motion was recorded every 1 s in arbitrary units (au). Throughout monitoring, mice were singly housed and provided with extra nest-building material. As we have only 24 cameras, mice were split into 4 cohorts for activity monitoring, over the course of 1 month. All groups were represented in each cohort to control for cohort effects and time post-exposure. As each cohort was in activity monitors over the course of a week, the entire estrus cycle of the female mice was captured (Ajayi and Akhigbe, 2020).



Open Field and Novel Object Recognition

To assess the long-term effects of heavy ion exposure and amifostine, mice were tested for anxiety-like behavior and spatial habituation learning in the open field and for novel object recognition memory 3 months following exposure, as described (Raber et al., 2019). For the open field, mice were placed into a 41 cm × 41 cm chamber for 5 min over three consecutive days. The center area was defined as the 20 cm × 20 cm square in the center of the open field. Total distance moved, velocity, and time spent in the center area of the open field were recorded and analyzed.

On the fourth day, two identical orange octagon blocks were placed within the center area of the arena. The next day, one object was replaced with a distinct, novel object (a green triangle block). Both trials were 15 min. Time spent with the familiar and novel objects was analyzed to assess hippocampus-dependent memory. Light for all open field and novel object trials was at 100 lux.

Behavioral performance during the open field and object recognition tests were video recorded and data exported with Ethovision vs. 14.1 software (Wageningen, Netherlands). Arenas and objects were thoroughly cleaned with 0.5% acetic acid between trials.



Tissue Collection

Two hours following the novel object recognition test, mice were euthanized to capture peak cFos expression (Zhu et al., 2010). Males were euthanized by perfusion: briefly, mice were deeply anesthetized with a 50 mg/kg ketamine–xylazine cocktail and perfused with ice-cold saline followed by 4% paraformaldehyde (PFA). Brains were removed and stored overnight in 4% PFA, then transferred to saline. Based on behavioral results, we selected to send brains from all males in the 0 and 107 mg/kg, radiation and sham groups to Certerra, Inc. (Farmingdale, NY, United States) for whole brain staining and imaging of cFos expression.

Females were euthanized by cervical dislocation and rapid decapitation 2 h after completing novel object recognition. Hippocampus and cortex were dissected, and flash frozen in liquid nitrogen, then stored at −80°C for future use, not reported in this current study.



Whole Brain cFos Imaging and Analysis

Whole brain cFos staining and light sheet imaging was performed by Certerra, Inc. (Farmingdale, NY, United States), as previously described (Kim et al., 2015). Based on the behavioral data, we selected four groups of males for analysis: Sham-Saline, Radiation-Saline, Sham-107 mg/kg Amifostine, and Radiation-107 mg/kg Amifostine (n = 8 mice/condition). These groups were chosen as we wanted to assess the lowest effective dose tested. The data generated were in the form of raw number of cFos+ cells within each brain region defined by the Allen Mouse Brain Atlas.



Statistics

All data were first assessed for homogeneity to confirm use of standard parametric tests. Data were analyzed using SPSS vs. 25 (IBM, Armonk, NY, United States) and GraphPad vs. 7 (Prism, San Diego, CA, United States).

All analyses were first performed as multi-way ANOVAs with sex, amifostine dose, and radiation exposure as between group variables. As we repeatedly found significant effects and interactions with sex, we proceeded to split sexes for analysis to clarify the effects of radiation and amifostine on our measures. The statistical results with sex as a variable can be seen in Supplementary Table 1.

For body weight, a two-way ANOVA was used with radiation exposure and amifostine dose as between-group variables.

For activity monitoring, a repeated measures ANOVA was used with time as a within-group variable and radiation exposure and amifostine dose as between-group variables. Activity over the course of the light periods was analyzed separately from the dark periods.

For the open field, a repeated measures ANOVA was used with trial as a within-group variable and exposure and amifostine dose as between-group variables. Total distance moved (cm), average velocity (cm/s), and percent time in the center were analyzed. For object recognition, time spent with the objects was analyzed using a two-way ANOVA on day 1 and day 2. Prior to analyzing hippocampus-dependent memory in the novel object recognition test, any mice that explored <2 s on either day 1 or day 2 were removed. To assess memory, percent time spent exploring the objects was calculated, and paired samples t-tests used to compare the familiar vs. the novel object within each group. A discrimination index (DI) was then calculated by subtracting time exploring the familiar object from time exploring novel object, and then dividing this difference by the total time spent exploring both objects (Antunes and Biala, 2012). Written as a formula,
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TN is time with novel object (s), TF is time with familiar object (s), and TT is total time spent exploring the objects. The DI measure was then analyzed using a two-way ANOVA.

Following all ANOVAs, post hoc analyses were used to assess groups compared to the control group (Sham-Saline), as statisticians have indicated that post hoc analyses are acceptable in the absence of significant ANOVAs (Chen T. et al., 2018).

While data indicated that standard parametric tests could be employed for whole brain analysis, initial assessment of cFos immunoreactivity in specific brain regions using a general linear model Poisson regression indicated that goodness of fit was poor. Thus, we proceeded to analyze the raw data using a negative binomial regression across the whole brain and within brain regions important for novel object recognition (Antunes and Biala, 2012). A list of identified brain regions and their contribution to novel object recognition can be seen in Supplementary Table 3.

Due to the unique features of whole-brain data, we assessed the relationship of cFos immunoreactivity signal across related brain regions within individual mice as an indirect measure of connectivity, similar to other analyses of cFos immunoreactivity in coronal sections (Zuloaga et al., 2015). We first took an unbiased approach to look at connectivity across the cerebrum, brainstem, and cerebellum, followed by a defined approach to assess connectivity across regions important for the 24 h novel object recognition test. Distinct Pearson’s correlations were run for brain regions in the following groupings: cerebrum, brainstem, cerebellum, and regions associated with novel object recognition (Antunes and Biala, 2012). Correlation matrices were created from the r values. The matrices from each group were then compared using the High Dimensional Test (HD Test) for Mean Vectors, Covariance Matrices, and White Noise of Vector Time series (Cai et al., 2014). Statistical analyses for comparing correlation matrices were performed using R 4.0.3 (R Development Core Team, 2020), specifically with the xlsx (Dragulescu and Arendt, 2020) and the HD Test (Cao et al., 2018) packages. Correlation matrices were compared using a method developed for testing the equality of covariance matrices when the dimensionality of the covariance matrix is larger than the sample size (Chang et al., 2017). Across all experimental groups and defined regional groupings, we ran a total of 24 comparisons; as such, we used Bonferroni’s post hoc correction.

To integrate dependent variables, we performed a principal component analysis (PCA) to determine how amifostine or radiation may affect the relationship between different measures (Pfankuch et al., 2005). We included the following variables in the PCA: activity during the light, activity during the dark, ratio of activity during the light to the dark, total distance moved on day 1 of the open field, percent time spent in the center on day 1 in the open field, the difference in total distance moved between day 1 and day 2 in the open field, the difference in total distance moved between day 2 and day 3 in the open field, the difference in percent time in the center between day 1 and day 2 in the open field, the difference in percent time in the center between day 2 and day 3 in the open field, the total time exploring the objects during both days of the novel object test, and the percent time spent with the novel object on test day. As we detected significant effects between males and females in our original PCA, we ran PCAs separately in each sex. Following the PCA, we used an ANOVA to compare the reduction scores across radiation and amifostine doses.




RESULTS


Male and Female C57Bl/6J Mice Show Differences at Baseline and in Response to Amifostine and Radiation

A schematic of the experimental design can be seen in Figure 1A. The break-down of radiation exposure can be seen in Table 1.

We first assessed the effects of amifostine and radiation with sex as a between-subject variable. Throughout our measures, we found both baseline differences between males and females, as well as differing reactions to amifostine and radiation, indicated by statistical interactions. A list of the sex effects and interactions in our behavioral and cognitive measures is indicated in Supplementary Table 1. Due to the statistical interactions, we proceeded to analyze male and female data separately to provide more clarity.



Amifostine and Radiation Both Alter Activity During the Light Cycle in Male, but Not Female, C57Bl/6J Mice

Neither amifostine nor radiation changed body weight (Supplementary Figure 1).

All mice showed higher activity during the dark period compared to the light period (Figures 1B,C,E,F). Analysis of the average activity over the course of a week during the light periods revealed a significant main effect of amifostine dose (F2,42 = 5.134, p = 0.009) and a significant radiation-by-amifostine dose interaction (F2,42 = 3.673, p = 0.034) in males (Figure 1B). Dunnett’s post hoc indicated that mice injected with 214 mg/kg of amifostine moved more during the light than saline-treated mice (p = 0.005) and mice injected with 107 mg/kg trended toward moving more than the saline-treated mice (p = 0.054). There were no significant differences in activity during the dark period (Figure 1C). In contrast to the males, there were no significant differences in activity in either light or dark period detected in females (Figures 1E,F).

The ratio of activity during the dark period to the light period was analyzed to measure the disruption to typical activity rhythms. We detected a significant main effect of amifostine dose (F2,42 = 6.650, p = 0.003) and a significant radiation-by-amifostine dose interaction (F2,42 = 7.618, p = 0.002) in males (Figure 1D). Dunnett’s post hoc indicated that all radiation and/or amifostine-treated male groups were significantly different than the control male group. In contrast, no significant differences were detected in the ratio activity measure in females (Figure 1G).



Amifostine and Radiation Affect Spatial Habituation and Anxiety-Like Measures in a Sex-Dependent Manner

Hippocampus-dependent spatial habituation was assessed using total distance moved over 3 days in the open field. Analysis indicated a significant time-by-amifostine dose interaction in both males (F3.076,64.592 = 3.736, p = 0.015) and females (F4,84 = 4.337, p = 0.003; Figure 2A). In males, this interaction was driven by a distinct pattern of change over the 3 days in mice injected with 107 mg/kg of amifostine, where there was almost no decrease between day 2 and day 3. Additionally, the males injected with 214 mg/kg of amifostine showed a blunted decrease in activity over the 3 days; effects of both these doses differed from the expected large decreases seen in the saline-injected males. In females, the time-by-amifostine interaction was primarily driven by the irradiated mice injected with the 107 mg/kg dose showing a larger change in activity between day 2 and day 3.
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FIGURE 2. Activity and anxiety-like measures in the open field and novel object tests. (A) The total distance moved (cm) in open field in males (left) and females (right). A time by amifostine interaction was found in males (p = 0.0015) and females (p = 0.003). (B) Percent time in the center of the open field in males (left) and females (right). Females showed a time by radiation interaction (p = 0.007). (C) Total time exploring objects over the training and testing day in males (left) and females (right). Females showed an amifostine by radiation interaction (p = 0.022). Data are presented as means ± SEMs.


Anxiety-like behavior was also assessed by analyzing the time spent in the more anxiety-provoking center of the open field. There were no differences detected based on radiation or amifostine in male mice (Figure 2B). Conversely, a repeated measures ANOVA indicated a significant time-by-exposure interaction in females (F2,84 = 5.310, p = 0.007; Figure 2B). Female mice exposed to radiation in the absence or presence of amifostine did not show the expected decrease in time spent in the center of the open field on day 2.

Similarly, object exploration was altered in female, but not male, mice. We detected an exposure-by-amifostine dose interaction (F2,42 = 4.195, p = 0.022) in females only (Figure 2C). Sham-irradiated female mice that were injected with amifostine explored the objects more on both days of the object recognition test than vehicle-treated sham-irradiated mice; conversely, irradiated females that received amifostine explored the objects less than vehicle-treated irradiated mice.



Amifostine Mitigates Radiation-Induced Cognitive Impairment in Males, but Amifostine and Radiation Combined Impair Cognition in Females

All sham-irradiated mice showed a significant preference for exploring the novel object. However, male mice exposed to radiation failed to show a significant preference for the novel object. Pre-treatment with both doses of amifostine restored preference for the novel object, though (Figure 3A). To directly compare performance across groups, we used the DI measure. This revealed a trend toward a significant main effect of exposure (F1,41 = 3.432, p = 0.071); Sidak’s post hoc test identified a trend toward a significant difference in the Sham-Saline compared to the Rad-Saline group (p = 0.059; Figure 3B). There were no differences detected between the sham and irradiated groups that received amifostine injections.
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FIGURE 3. Performance in the novel object recognition test. (A) Percent time spent with the familiar and novel object in male mice. All sham-exposed male mice showed a preference for the novel object (Sham-Saline: p < 0.001; Sham-107 mg/kg: p = 0.007; and Sham-214 mg/kg: p = 0.006). Mice exposed to radiation did not show a preference (p = 0.09); however, both 107 and 214 mg/kg of amifostine restored preference for the novel object (p = 0.045 and p = 0.003, respectively). (B) Discrimination index (DI) in male mice. A trend toward a difference based on radiation exposure (p = 0.071) was found, and Sidak’s post hoc test revealed a trend toward a decrease DI in the Rad-Saline group compared to Sham-Saline (p = 0.0589). (C) Percent time spent with the familiar and novel object in female mice. All mice in the sham exposure groups showed a preference for the novel object (Sham-Saline: p = 0.021; Sham-107 mg/kg: p = 0.026; and Sham-214 mg/kg: p = 0.001). Female mice exposed to radiation also showed a preference for the novel object (p = 0.001), but females that received 107 or 214 mg/kg of amifostine prior to radiation did not show a significant preference (p = 0.137 and p = 0.075, respectively). (D) DI in female mice. No significant differences were detected. Data are presented as means ± SEMs. *p < 0.05; **p < 0.01; #p < 0.001.


Female sham-irradiated mice also showed in-tact hippocampus-dependent memory, with all sham-irradiated groups displaying a significant preference for the novel object. Unlike the male mice, the irradiated female mice that received saline injections showed a preference for the novel object, while the irradiated females that received amifostine pre-treatment failed to show a preference (Figure 3C). A two-way ANOVA did not indicate any significant differences in the DI measure in females (Figure 3D).



Radiation and 107 mg/kg of Amifostine Increase Co-activation Across the Cerebrum, Brainstem, and in Regions Associated With Novel Object Recognition in Male Mice

We first analyzed cellular activation using a negative bimodal regression of cFos immunoreactivity across the brain in the 4 groups included: Sham-Saline, Sham-107 mg/kg, Rad-Saline, and Rad-107 mg/kg. These groups were chosen based on the novel object recognition data, as we wanted to analyze the lowest dose of amifostine that changed behavior. Neither radiation nor 107 mg/kg of amifostine altered the number of cFos+ cells (Supplementary Figure 2), indicating that neither radiation nor drug treatment changed the global magnitude of cellular activation as measured by cFos immunoreactivity.

With this measure of cellular activation, we were able to compare the co-activation of brain regions in each group using correlation matrices. When we analyzed connectivity in the cerebrum, we discovered that all groups were distinct. The correlation matrix of the control group (Sham-Saline) was different from the Sham-107 mg/kg (χ2 = 7.76, p < 0.0001), Rad-Saline (χ2 = 8.37, p < 0.0001), and Rad-107 mg/kg (χ2 = 8.51, p < 0.0001; Figure 4A) groups. Both radiation and amifostine treatment increased the correlations between regions compared to the Sham-Saline group. Our analysis also revealed that the Rad-Saline group was significantly different from the Rad-107 mg/kg (χ2 = 6.56, p = 0.0432) and the Sham-107 mg/kg (χ2 = 6.78, p < 0.0001) groups, such that the Rad-Saline group had an increase in regional correlations compared to the amifostine-treated groups. Lastly, comparison of the correlation matrices for the Rad-107 mg/kg group and the Sham-107 mg/kg group also revealed these groups to be significantly different (χ2 = 7.08, p < 0.0001) with the Rad-107 mg/kg showing an increase in regional correlation.
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FIGURE 4. Whole brain cFos data. Pearson’s correlations were run for all regions in each distinct group: Sham-Saline (top left), Sham-107 mg/kg (top right), Rad-Saline (bottom left), and Rad-107 mg/kg (bottom right). Bonferroni correction was applied to comparisons of the correlation matrices. (A) cFos connectivity in the cerebrum. All groups were significantly different from each other. (B) cFos connectivity in the brainstem. All groups were significantly different from each other. (C) cFos connectivity in regions important for 24 h novel object recognition. Most groups were significantly different from each other. No difference was detected between Sham-107 mg/kg and Rad-Saline (p = 0.0912). Full names for brain regions can be seen in Supplementary Tables 2, 3. (D) Schematic depicting the changes in co-activation of brain regions important for novel object recognition. Both radiation and amifostine increased the correlations between brain regions. Radiation appeared to cause strong, positive correlations across all brain regions (depicted by thick, red arrows); amifostine appeared to do the same, albeit to a lesser extent (depicted by thick, orange arrows). Radiation +107 mg/kg amifostine somewhat ameliorated the strong, positive correlations induced by radiation, though the correlations were still stronger than the Sham-Saline group (depicted by medium, gray arrows). Created with BioRender.com.


We similarly assessed connectivity in the brainstem. As with the cerebrum, we found that the correlation matrix of the Sham-Saline control group was significantly different than the Sham-107 mg/kg group (χ2 = 6.38, p < 0.0001), Rad-Saline group (χ2 = 5.71, p < 0.0001), and Rad-107 mg/kg group (χ2 = 7.76, p < 0.0001; Figure 4B), again in the direction that radiation and amifostine increased regional correlations. The Rad-Saline and the Rad-107 mg/kg groups were also different from each other (χ2 = 6.51, p < 0.0001), with amifostine appearing to lead to an overall decrease in the amount of strong, positive correlations observed in the Rad-Saline group. The Sham-107 mg/kg group was also significantly different from the Rad-107 mg/kg group (χ2 = 6.64, p < 0.0001), though the Sham-107 mg/kg group had more strongly positive correlations than the Rad-107 mg/kg group. Comparing the Rad-Saline and the Sham-107 mg/kg groups, there was a trend toward a difference, but it did not reach significance (χ2 = 4.37, p = 0.058).

To complete the unbiased connectivity analysis, we compared the correlation matrices of regions in the cerebellum. We did not detect differences when we compared the Sham-Saline group to Sham-107 mg/kg (χ2 = 3.22, p = 0.370), Rad-0 mg/kg (χ2 = 3.22, p = 0.389), or Rad-107 mg/kg (χ2 = 3.23, p = 0.518, Supplementary Figures 3A–D). Similarly, there were no differences between the Sham-107 mg/kg and either group exposed to radiation (Rad-Saline: χ2 = 3.56, p = 0.322; Rad-107 mg/kg: χ2 = 4.07, p = 0.0912). We did detect a difference in the Rad-107 mg/kg compared to the Rad-Saline group, though (χ2 = 4.65, p = 0.0048), suggesting that amifostine modulated effects of radiation in the cerebellum as well. A breakdown of all the regions used for connectivity analysis of the cerebrum, brainstem, and cerebellum is indicated in Supplementary Table 2.

We next analyzed brain activation in regions known to play a role in 24-h novel object recognition (Supplementary Table 3). Similar to our findings with the unbiased whole brain analysis, radiation and amifostine did not significantly affect the number of cFos+ cells in distinct brain regions (Supplementary Figure 4). Analysis of the correlation matrices indicated that the sham-irradiated, vehicle-treated control group was significantly different from the Sham-107 mg/kg group (χ2 = 5.68, p < 0.0001), Rad-Saline group (χ2 = 5.29, p < 0.0001), and Rad-107 mg/kg group (χ2 = 5.92, p < 0.0001; Figure 4C). Both radiation and amifostine appeared to increase the connectivity in the task-specific network. Comparison of the experimental groups revealed that the Sham-107 mg/kg group was significantly different from the Rad-107 mg/kg group (χ2 = 4.762, p = 0.0048), but not the Rad-Saline group (χ2 = 3.97, p = 0.0912). Notably, the Rad-Saline and Rad-107 mg/kg groups were significantly different from each other (χ2 = 4.182, p = 0.0432), with amifostine treatment attenuating the correlations between regions. An overall schematic depicting the effects of radiation and amifostine on connectivity in regions necessary for novel object recognition analyzed by cFos immunoreactivity is illustrated in Figure 4D. The raw data for the whole-brain analysis can be found in Supplementary File 1.



Principle Components Analysis Reveals Data Variance Is Different Between Males and Females

When a PCA was performed, five reduction factors were identified. The first factor accounted for 21.86% of the variance, the second for 19.02%, the third for 13.78%, the fourth for 11.87%, and the fifth for 9.69%. An ANOVA to explore possible differences based on sex, amifostine dose, or radiation indicated that factor 1 and factor 3 were different between males and females (p < 0.001 and p = 0.002, respectively). Additionally, an amifostine dose by sex interaction was detected for factor 1 (p = 0.027), factor 2 (p = 0.013), and factor 3 (p = 0.038), as well as an amifostine by radiation by sex interaction for factor 1 (p = 0.043). The loadings for the factors and the variables in each are indicated in Table 2.


TABLE 2. Results from PCA in female and male mice.
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To clarify the differences between males and females, we split sexes to run separate PCAs. Four reduction factors were identified in both sexes. In females, the first factor accounted for 28.17% of the variance, the second for 18.97%, the third for 15.75%, and the fourth for 10.83%. In males, the first factor accounted for 23.79% of the variance, the second for 18.65%, third for 15.68%, and the fourth for 11.64%. The loadings for the factors and the variables in each are indicated in Table 2.

The components of these factors were distinct in each sex. Factor 1 in females was primarily comprised of activity measures across the open field and activity monitoring, whereas factor 1 in males was comprised of open field activity and time in the center, and activity measures from activity monitoring fell into the second factor. Measures of percent time in the center of the open field loaded onto the third factor in both males and females, though novel object measures differed between the sexes. In males, the percent time spent exploring the novel object and the time spent with the objects both loaded onto factor 4, whereas these were split between factor 2 and factor 4 in females.

An ANOVA on the PCA scores did not reveal differences based on amifostine dose or radiation exposure for either sex. However, these data highlight the unique effects of radiation and amifostine in males and females and reinforce the need to include both sexes in experiments.




DISCUSSION

This study shows that male and female mice respond differently to combined heavy ion radiation and supports amifostine may be used as a mitigator of heavy ion radiation-induced cognitive injury in a sex-dependent fashion. Namely, radiation disrupted light activity, novel object recognition, and regional connectivity in male mice. Amifostine rescued novel object recognition, but also had its own effects on light activity and brain connectivity. Additionally, amifostine combined with radiation altered spatial habituation, object exploration, and novel object recognition in females.

The sex differences we observed in radiation susceptibility to cognitive injury is consistent with some, but not other, earlier studies. The results of the current study are in line with findings showing that male mice exhibit impaired novel object recognition 12 weeks following low-dose (<30 cGy) 4He ion exposure (400 MeV/n), but females did not (Parihar et al., 2020). This report also showed that males had a more pronounced CNS immune response after radiation than females, indicated by microglial activation, upregulation of Toll-like receptor 4, increased pro-inflammatory markers, and decreased hippocampal spine density. Yet, irradiated females did show a decrease in hippocampal dendritic complexity, which suggests that radiation induces distinct cellular changes in males and females (Parihar et al., 2020). Sex-dependent responses to radiation have also been seen following whole-body exposure to 50 cGy of 56Fe. Activity levels in APP/PS1 male mice were increased 1.5 months after exposure, which was not observed in females (Liu et al., 2019). Wild-type males also displayed a mild increase in microhemorrhages following radiation. Conversely, female APP/PS1 mice had a decrease in microglial activation and amyloid-beta levels after exposure, again highlighting sex-dependent cellular responses to radiation (Liu et al., 2019).

Male mice also showed long-term decreases in hippocampal neurogenesis 3 months after exposure to 1 Gy of 28Si (300 MeV/n) that was not seen in females (Whoolery et al., 2017). In addition, female WT mice were less susceptible than male mice to the negative effects of combined proton (252 MeV/n), 4He (249.3 MeV/n), and 16O (594.4 MeV/n) radiation 1.5 months after exposure, where male mice displayed increased anxiety and impaired object recognition that corresponded to hippocampal microglia activation and synapse loss (Krukowski et al., 2018). This report is in line with the sex-dependent differences in microglia activation following 4He ion radiation. Microglial differences are of particular interest when thinking about the molecular mechanisms underlying what appears to be female resistance to the detrimental effects of radiation.

Baseline sex differences in microglia number have been observed, where females have more than males (Villa et al., 2018). However, the increase in number of microglia does not correspond to inflammatory signals: analysis of the transcriptome of microglia in males revealed more transcription related to inflammation, whereas the transcriptome from female microglia was more related cellular regulation and was associated with neuroprotection (Villa et al., 2018). Importantly, this was independent of circulating estradiol levels. Exposure to single, highly charged particles as well as space flight have been shown to induce early ovarian failure while spermatogenesis is relatively resistant (Mishra and Luderer, 2019). Thus far, reports on the effects of multi-particle, simulated GCR exposure on sex steroid levels have not been reported.

In contrast to the results discussed above, contextual fear conditioning was impaired in female but enhanced in male WT mice 12 weeks after 300 cGy of cranial 56Fe irradiation (Villasana et al., 2010). We have also previous reported impairments in spatial memory in both WT male and female mice 2 weeks following 10, 20, or 50 cGy of 56Fe (600 MeV/n) irradiation (Haley et al., 2013). Conversely, whole-body 56Fe irradiation at 10, 50, or 200 cGy did not lead to sex-dependent cognitive impairments 2–8 weeks later (Pecaut et al., 2004). Moreover, no differences in hippocampus-dependent learning and memory were seen in WT mice after 10 or 50 cGy 56Fe irradiation when assessed 1 month later (Liu et al., 2019). These discrepancies highlight the care needed when looking at type, dose, energy, and time post-radiation. A brief break-down of the major sex-dependent behavioral findings from these studies and how they compare to our current study is illustrated in Table 3. It will be important to continue assessing the effects of mixed beam exposure at different doses, energies, and timepoints post-radiation and in the context of different genetic backgrounds in order to further clarify sex differences in radiation response for specific behavioral and cognitive performance measures.


TABLE 3. Brief overview of the type of radiation, dose, energy, delivery, time delay, and major sex-dependent findings from a selection of previous studies in comparison to the current study.
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Focusing on the more recent combined-particle experiments, recent work from our lab has shown sex-specific effects in novel object recognition 3 months after sequential six-beam exposure (50% protons at 1 GeV, 20% 4He ions at 250 MeV/n, 7.5% 16O ions at 250 MeV/n, 7.5% 28Si ions at 263 MeV/n, 7.5% 48Ti ions at 1 GeV/n, and 7.5% 56Fe ions at 1 GeV/n), with male B6D2F1 mice showing impaired recognition at 25 cGy and females showing impaired recognition at 50 and 200 cGy (Raber et al., 2020). Cortical BDNF levels were increased in males exposed to 50 cGy, but unchanged in females. Yet, females and males both exhibited impaired novel object recognition 3 months following 50 and 200 cGy exposure to a sequential three-beam radiation exposure (60% protons at 1 GeV, 20% 16O at 250 MeV/n, and 20% 28Si at 263 MeV/n) (Raber et al., 2019). As with exposure to six sequential beams, BDNF levels were changed in males, albeit in the opposite direction. Males exposed to 200 cGy displayed a decrease in cortical BDNF. Again, these results reinforce the care needed when assessing combined effects of different particles.

Previous studies characterizing amifostine have focused on ameliorating the negative side effects of photon radiotherapy and chemotherapy (Bogo et al., 1985; Cheema et al., 2019). In humans, patients often report side effects following high doses of amifostine (200+ mg/m2) that include hypotension and nausea (Rades et al., 2004) and amifostine analogs are being developed to reduce side effects (Peebles et al., 2012). Yet, there are very few reports on how amifostine might affect learning and memory. One report indicated that a dose of 214 mg/kg of amifostine 30 min prior to 200 cGy of whole-body gamma radiation was able to rescue novel object recognition the following day and hippocampal neurogenesis 12 h later in male mice (Lee et al., 2010). Notably, here we tested mice 3 months after an acute amifostine injection. Preliminary data from our lab indicated that there were potential long-term protective effects of amifostine: an acute administration of an amifostine analog was sufficient to rescue long-term hippocampus-dependent learning in males 3 months later (Bacher et al., 2019). However, we did not originally predict the long-term, independent behavioral effects of amifostine on both sexes, nor have others assessed behavioral and cognitive effects of amifostine at such extended time points.

Also of important note, all previous studies regarding the effects of amifostine on learning and memory involved only male rodents, in contrast to our current study. To the best of our knowledge, the pharmacokinetics of amifostine as it relates to sex hormones have not been reported. The sex-dependent responses to amifostine, radiation, and their combination are imperative to consider when assessing the potential for amifostine to mitigate negative radiation-induced cognitive injury. Future studies are warranted for a better understanding of the distinct effects of amifostine in males and females.

The alterations in activity during the light and dark periods in male mice following amifostine treatments and radiation exposure are also in line with previous studies. High doses (400 or 750 mg/kg) of amifostine specifically reduced locomotion during the dark cycle for ∼8 h after treatment (Srinivasan et al., 2002). Assessment of astronauts during space missions has shown disruptions to light-dark cycles and sleep/wakefulness, which can in turn affect performance (Dijk et al., 2001). Additionally, circadian rhythms appear to play a role in side effects of high-dose radiation therapy, with evening radiotherapy leading to higher levels of detrimental gastrointestinal disturbances (Hsu et al., 2016). Our observation that both amifostine and radiation increase activity during typical sleep periods indicate that timing of administration needs to be considered, as well as possibly implementing other measures to assist in maintaining physiological sleep-wake cycles.

We chose to explore how radiation and amifostine affected whole-brain cFos expression based on previous work showing that IEGs are induced following ionizing radiation, such as immediately following exposure to X-rays (0.25–0.5 Gy) (Weichselbaum et al., 1994), gamma rays (0.3 Gy) (Nishad and Ghosh, 2016), or 137Cs (2–25 Gy) (Hong et al., 1997). This is especially clear in the hippocampus, as whole-body irradiation with 1 Gy of 56Fe ions increased expression of hippocampal Arc after fear conditioning (Raber et al., 2013). Notably, this increase in hippocampal IEGs occurred 3 months after radiation exposure, the same timeline as this current study. While we did not find differences in overall activation, we found intriguing long-term changes in co-activation across regions, which is in line with these previous data, and parallels MRI data from humans.

MRI analysis of astronauts pre- and post-flight mission has shown narrowing of the central sulcus and an upward shift of the brain, specifically following long-term missions (Roberts et al., 2017). A case-study of an astronaut after a long-duration spaceflight revealed changes in the default mode network and resting state functional connectivity between the motor cortex and cerebellum (Demertzi et al., 2016). While we did not observe radiation-dependent changes in connectivity within the cerebellum similar to those seen in other analyzed brain regions, our data compliments the connectivity data from the astronaut, indicating that exposure to space radiation likely also has an effect on the functional communication between brain regions. Moreover, MRI studies in cancer patients have shown changes in hippocampal volume and connectivity after completing treatment regimens (Dietrich et al., 2015; Cheng et al., 2017). These highly unique and informative data provide insight into regions that may be particularly susceptible to heavy ion radiation and can be used to develop methods to monitor and treat both astronauts and cancer patients prior to, during, and after missions or treatment regimens.

In addition to the radiation-induced increase in connectivity, 107 mg/kg of amifostine by itself also increased regional co-activation in the cerebrum, brainstem, and the object-recognition specific circuit, but differently than the radiation exposure. The long-term changes in cFos co-activation caused by amifostine could be a compensatory response to the stimulus (the novel object test), though we did not observe cognitive deficits in sham-irradiated males injected with 107 mg/kg of amifostine. The difference between the radiation- and amifostine-induced increases may lie in cellular sub-type. For example, the number of GABA-ergic cells in the infralimbic cortex was decreased following contextual fear conditioning in male WT mice that received 1 Gy of post-training gamma radiation (Kugelman et al., 2016). GABA signaling to hippocampal pyramidal cells was also shown to be increased in male mice 5–9 weeks after exposure to 0.5 Gy proton irradiation (150 MeV/n) (Lee et al., 2017), further suggesting cell-type specificity of radiation-induced changes to synaptic plasticity. Currently, there is no published research regarding possible cell-type specificity of amifostine; this should be explored in future efforts.

Notably, 107 mg/kg of amifostine ameliorated the high correlations induced by radiation in the cerebrum, brainstem, cerebellum, and object-recognition circuit. The difference detected in the cerebellum is especially interesting, as the only groups detected to be different were the radiation groups with or without amifostine. While the Rad-107 mg/kg group was still different than the Sham-Saline group in most cases, these results indicate the potential for a medium dose of amifostine to mitigate the cellular effects of radiation, though deeper investigations into cell type and timing are necessary. Future efforts are warranted to further characterize the extent of amifostine’s long-term effects in both males and females following different acute and chronic proton and heavy ion radiation exposures.


Equations

Discrimination index
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Microgravity induces a cephalad fluid shift that is responsible for cephalic venous stasis that may increase intracranial pressure (ICP) in astronauts. However, the effects of microgravity on regional cerebral blood flow (rCBF) are not known. We therefore investigated changes in rCBF in a 5-day dry immersion (DI) model. Moreover, we tested thigh cuffs as a countermeasure to prevent potential microgravity-induced modifications in rCBF. Around 18 healthy male participants underwent 5-day DI with or without a thigh cuffs countermeasure. They were randomly allocated to a control (n=9) or cuffs (n=9) group. rCBF was measured 4days before DI and at the end of the fifth day of DI (DI5), using single-photon emission computed tomography (SPECT) with radiopharmaceutical 99mTc-hexamethyl propylene amine oxime (99mTc-HMPAO). SPECT images were processed using statistical parametric mapping (SPM12) software. At DI5, we observed a significant decrease in rCBF in 32 cortical and subcortical regions, with greater hypoperfusion in basal ganglia (right putamen peak level: z=4.71, puncorr<0.001), bilateral occipital regions (left superior occipital peak level: z=4.51, puncorr<0.001), bilateral insula (right insula peak level: 4.10, puncorr<0.001), and bilateral inferior temporal (right inferior temporal peak level: 4.07, puncorr<0.001). No significant difference was found between the control and cuffs groups on change in rCBF after 5days of DI. After a 5-day DI, we found a decrease in rCBF in cortical and subcortical regions. However, thigh cuffs countermeasure failed to prevent hypoperfusion. To date, this is the first study measuring rCBF in DI. Further investigations are needed in order to better understand the underlying mechanisms in cerebral blood flow (CBF) changes after exposure to microgravity.
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INTRODUCTION

Exposure to microgravity has detrimental effects on human physiology, such as muscle atrophy, bone demineralization, sensorimotor and cardiovascular deconditioning, and immune, hormonal, and metabolic changes (Michel et al., 1976; West, 2000). Body fluid redistribution begins in the first hours of space flight. This so-called cephalad fluid shift is responsible for cephalic venous stasis, characterized by dilation of the jugular vein and facial oedema. This phenomenon is mainly due to loss of the cranial-to-caudal flow gradient induced by weightlessness (Parazynski et al., 1991; Arbeille et al., 2001). During long-duration spaceflights, the cephalad fluid shift observed in astronauts may increase intracranial pressure (ICP), as suggested by the assessment of optic nerve sheath diameter (ONSD) by ultrasound and MRI (Kramer et al., 2012; Sirek et al., 2014) and cerebral hemodynamics seem to be modified. However, these mechanisms are not fully understood.

Indirect assessment of cerebral blood flow (CBF) by transcranial Doppler ultrasound of the middle cerebral artery has revealed a decrease in cerebral vascular resistance (CVR) and an increase in CBF during the first days of space flight, after which these parameters normalize (Arbeille et al., 2001). Cerebral autoregulation is the mechanism that maintains CBF relatively constant, despite change in cerebral perfusion pressure (CPP). Previous studies have shown that cerebral autoregulation is preserved or even improved after short-term exposure to microgravity, whereas cerebral autoregulation was impaired after long-term exposure (Kermorgant et al., 2020). Nevertheless, the mechanisms behind modifications in CBF, CVR, and cerebral autoregulation after exposure to weightlessness have not yet been clearly elucidated.

Different methods are used to study microgravity on Earth. Head-down bed rest (HDBR) is the most used method and it induces most of the effects on the human body observed during space flight, including cephalad fluid shift (Hargens and Vico, 2016). Dry immersion (DI) consists of immersing a subject into thermoneutral water covered with a waterproof fabric, the subject being “free suspended” in the water bath. DI reproduces most of the change observed during space flight, and even more rapidly and more intense than with HDBR (Navasiolava et al., 2011; Figure 1). Few studies have measured regional (r) CBF in humans after exposure to simulated microgravity. Guell et al. (1982) found in healthy volunteers who underwent −4° HDBR for 7days, an increase in regional cerebral blood flow (rCBF; measured by 133Xe inhalation method) after 6h, but returned to the baseline state at 72h (Guell et al., 1982). No study has so far measured rCBF both during spaceflight and microgravity analogs such as DI.

[image: Figure 1]

FIGURE 1. Illustration of dry immersion (DI). Participants are immersed in a half-seated position, up to the neck and separated from the water by a waterproof fabric (Photo MEDES/E. GRIMAULT).


Thigh cuffs are elastic strips that are designed to have the same effects on lower-limb distensibility as a counterpressure of about 30mmHg. These elastic strips, used by Russian cosmonauts, are effective against the cephalad fluid shift by trapping the venous volume in the lower limbs. Thigh cuffs are generally worn by cosmonauts during the day and removed at night for comfort reasons (Pavy-Le Traon et al., 2001; Figure 2).

[image: Figure 2]

FIGURE 2. Illustration of thigh cuffs. (A) Thigh cuffs are elastic strips that can be adjusted to the size of the thigh with a clamping segment (white segment); (B) Thigh cuffs are worn on the upper thigh. (C) Individual adjustment of thigh cuffs with plethysmography to apply a 30-mmHg pressure on the upper thigh, performed at baseline data collection (BDC)-2 (Photo MEDES).


The aim of the present study was to investigate possible changes in rCBF using DI as a ground-based model of microgravity. A second objective was to test whether thigh cuffs can serve as a countermeasure, limiting any changes in rCBF, by restricting the cephalad fluid shift and potential increase in ICP.



MATERIALS AND METHODS


Participants

Twenty healthy men were recruited. Two withdrew before the 4days of baseline data collection (BDC) for reasons unrelated to the protocol. A total of 18 participants were therefore included in the study and randomly allocated to either a control or a cuffs group (9/9 split). All participants were informed about the experimental procedures and gave their written consent. The experimental protocol was conducted in accordance with the standards set by the Declaration of Helsinki and approved by the local ethics committee (CPP Est III: 2 October 2018, no. ID RCB 2018-A01470-55) and French health authorities (ANSM: 13 August 2018). ClinicalTrials.gov identifier: NCT03915457.



General Protocol

The experiment (DI5-CUFFS) was an integrative study carried out at the MEDES Space Clinic in Toulouse (France) from 19/11/2018 to 23/03/2019. The experimental protocol consisted of 4days of ambulatory BDC before DI (BDC-4 to BDC-1), 5days (120h) of DI (DI1–DI5), and 2days of ambulatory recovery (R0, R+1, and R+2 morning).

A week before the beginning of the protocol, participants went to MEDES for a Pre-DI thigh muscle biopsy and resting metabolic rate measurement.

Participants into the cuffs group wore the thigh cuffs throughout the 5days of DI, from 10AM to 6PM on DI1, and from 8AM to 6PM on DI2-DI5. Calf plethysmography, performed in the supine position at BDC-2, was undertaken to adjust the cuffs to each participant. At DI1, thigh cuffs were placed on subjects immediately prior to DI onset at 10AM.

The general protocol for DI was implemented according to the methodology described elsewhere (Friston et al., 1991). Two participants, one control and one cuffs, underwent DI simultaneously in the same room, in two separate baths (except for two participants, one cuffs and one control, who were each alone in the room). Thermoneutral water temperature was continuously maintained (32.5–33.5°C). Lights were switched off from 11PM to 7AM. Daily hygiene, weighing and some specific measurements required exit from the bath. During these out-of-bath periods, participants maintained the −6° head-down position. Total out-of-bath supine time for the 120h of immersion was 9.7±1.3h. On DI1-DI4, out-of-bath time was 1.1±0.6h/day. On DI5, out-of-bath time was 5.3±1.1h, owing to a muscle biopsy in the right thigh and encephalic and spinal MRI. Otherwise, during DI, participants remained immersed in a half-seated position for all activities and were continuously subjected to video monitoring. Bodyweight, blood pressure, heart rate (HR), and tympanic body temperature were measured daily. Water intake was fixed at 35–60ml/kg/day. Within these limits, water intake throughout the protocol was ad libitum and quantified. The menu for each experimental day was identical for all participants, and dietary intake was individually tailored and controlled during the study. Measurements of HR and arterial blood pressure were performed with an automatic device twice a day (morning and evening). VO2max was measured in the evening of B-2 and R0. Percent change in plasma volume on DI-1-evening, DI-3-morning, DI-5-morning, DI-5-evening, R0-morning, and baseline (DI-1-morning before the onset of immersion) was estimated using Hb and Hct count (Dill and Costill formula).

Daily questionnaires were proposed to subject each morning and evening from B-1 to R0. Visual analog scale 0–10 was used to assess General discomfort, Back pain, Quality of night sleeping, and Discomfort at thigh level. Scoring scheme of 0–5 was used for “Fluid shift” complaints-face swelling sensation, nasal congestion, and impaired vision.



Single-Photon Emission Computed Tomography Acquisitions

99mTc-hexamethyl propylene amine oxime (99mTc-HMPAO) is a lipophilic radiopharmaceutical used for measuring rCBF. The radio-labelled compound was prepared from a commercial kit (Cerestab™; GE Healthcare, Norway), mixed with sodium-(99mTc)-pertechnetate and diluted in a saline solution (0.9% sodium chloride). At BDC-4, 261±8MBq of 99mTc-HMPAO were intravenously administered, within 3h of preparation. Before and after the injection, participants were isolated from sensory stimulations in a dark and quiet room, wearing earplugs and a sleep mask for 10min. The 99mTc-HMPAO injection performed at BDC-4 was conducted in a half-seated position, so that participants were in a similar position to that at R0 when, just before the end of DI, 263±10MBq were injected, while participants were immersed in the bath. Both injections for all the subjects took place in the morning, between 9 and 11AM.

Single-photon emission computed tomography (SPECT) acquisitions were performed on a dual-head hybrid camera (SymbiaT6; Siemens Healthcare, Erlangen, Germany) equipped with a low-energy high-resolution collimator. The energy window was 140keV±7.5% (with additional low energy window for scatter correction). Acquisition parameters for SPECT were: 60 projections over 180°, with 30s per projection (matrix: 128×128, zoom 1.78). To perform attenuation correction, a brain computed tomography (CT) scan was also acquired with the following parameters: 110kV, 50mAs, and collimation 6×2mm. Iterative reconstruction was performed with a flash3D algorithm (12 iterations, eight subsets, and 8-mm Gaussian filter). Images with scatter and CT-attenuation corrections were then generated. Any decrease in radioactivity was corrected during analysis with statistical parametric mapping (SPM12) software, by applying a weighting factor depending on the radioactivity period of 99mTc for each acquisition.



Statistical Analysis

Single-photon emission computed tomography images were processed using SPM12 software (Evans et al., 1993), implemented in MATLAB (MathWorks, Sherborn, MA, United States). SPM combines the general linear model and theoretical Gaussian fields to make statistical inferences about regional effects. All SPECT images were realigned and normalized to a standard template in MNI space using SPM12 (Wilkerson et al., 2005), then smoothed with a Gaussian kernel filter of 8mm at full width and half maximum. We compared rCBF at BDC-4 compared to R0 for all the subject together, using a paired t-test, considering that our data are normally distributed. We also compared rCBF between the cuffs and control group at BDC-4 and at R0, and the change in rCBF during DI between the cuffs and control groups, using a two-sample t-test. We tested the null hypothesis that the voxel-to-voxel contrast is zero. For all the tests, we chose an uncorrected threshold puncorr<0.001 with an extended threshold of 100 voxels. From the SPM12 results, we extracted a statistical parametric map in tscore, overlaid on a MRI template that represents the result of the change in rCBF at R0 compared with BDC-4, for an uncorrected threshold puncorr<0.001 with an extended threshold of 100 voxels.

General hemodynamic parameters (heart rate, systolic, diastolic, and mean arterial blood pressure) were expressed as mean±SD and 95% CI of the mean.




RESULTS


Group Characteristics

Baseline group characteristics are detailed in Table 1.



TABLE 1. Baseline group characteristics at BDC-2.
[image: Table1]



rCBF Measurement

Regional cerebral blood flow was significantly reduced in cortical and subcortical regions at R0, compared with BDC-4, with a significance threshold of puncorr<0.001 and an extended threshold of 100 voxels. Around 32 cortical and subcortical regions that were significantly less perfused at R0 than at BDC-4 were highlighted, the decrease in rCBF being greater in basal ganglia (right putamen peak level: z=4.71, puncorr<0.001), bilateral occipital regions (left superior occipital peak level: z=4.51, puncorr<0.001), bilateral insula (right insula peak level: 4.10, puncorr<0.001), and bilateral inferior temporal (right inferior temporal peak level: 4.07, puncorr<0.001; Table 2; Figure 3).



TABLE 2. Negative change in regional cerebral perfusion after DI.
[image: Table2]

[image: Figure 3]

FIGURE 3. Statistical parametric map of regional cerebral blood flow (rCBF) after DI. Cerebral map expressed in tscore of the negative change in rCBF at R0 compared with BDC-4, paired t-test, puncorr<0.001, extent threshold>100 voxels.


There was no significant difference in rCBF between the cuffs and control groups at BDC-4 and R0 (puncorr<0.001 and extended threshold of 100 voxels).

There was no significant difference in the change in rCBF at R0 compared with BDC-4 between the cuffs and control groups (puncorr<0.001 and extended threshold of 100 voxels).



Blood Pressure and Heart Rate

Heart rate, systolic blood pressure (SBP), diastolic blood pressure (DBP), and mean blood pressure (MBP) were not significantly changed after DI, both in the control and cuffs groups (Table 3).



TABLE 3. Hemodynamic parameters.
[image: Table3]



Daily Questionnaires, VO2 Max, and Plasma Volume

Results about daily questionnaires, VO2 max measurement, and plasma volume are detailed in Robin et al. (2020).

There was no significant correlation between change in plasma volume, scoring of general discomfort, back pain, quality of night sleeping, discomfort at thigh level, face swelling sensation, nasal congestion, or impaired vision with decrease in rCBF at R0.




DISCUSSION


Decrease in rCBF After a 5-Day DI

After 5days of DI, we observed a significant decrease in rCBF in 32 cortical and subcortical regions. No previous study had measured rCBF in humans after DI. A study in HDBR measuring rCBF with the 133Xe inhalation method found an initial increase at 6h, but no difference at 72h (Guell et al., 1982). Some studies measuring rCBF have been performed in animals. Consistently with our results, Wilkerson et al. (2005) demonstrated in a 2-week head-down tail suspension study performed in rats, a decrease in rCBF in 21 cortical and subcortical regions, measured with [14C]-IPIA autoradiography, the decrease being more intense in the basal ganglia (Wilkerson et al., 2005).

We measured a decrease in rCBF in many cortical and subcortical regions, mostly in the basal ganglia, insula, occipital, and inferior temporal cortex. These regions are involved in many brain functions, such as the control of movements and equilibrium, sensorimotor, vegetative, cognitive, and limbic functions, those are impaired after microgravity exposure (Hasser and Moffitt, 2001; Koppelmans et al., 2017; Lacquaniti et al., 2017; Van Ombergen et al., 2017). Moreover, a greater reduction in gray matter volume (measured by MRI) in multiple brain regions, including regions located in the bilateral frontal lobes, temporal poles, insula, and right hippocampus was observed during a 30-day HDBR study (Li et al., 2015).



Hypothesis on the Mechanisms Which May Decrease rCBF

As the cranial box is rigid and inextensible, and intracranial content is not compressible, ICP depends on three parameters: craniospinal elastance, resistance to cerebrospinal fluid flow, and brain blood volume (Tameem and Krovvidi, 2013). Although ICP has never been directly measured during long exposure to microgravity in humans, indirect evaluation methods (measurement of ONSD) suggest an increase in ICP favored by the cephalad fluid shift (Hargens and Watenpaugh, 1996; Kramer et al., 2012). However, the magnitude of a possible increase in ICP during space flights and its precise underlying mechanisms remain unclear.

Cerebral perfusion pressure is the result of mean arterial pressure (MAP) and ICP, according to the equation CPP=MAP – ICP (Partington and Farmery, 2014). Consistently with our findings, studies have shown that MAP does not seem to vary significantly in studies in HDBR (Arbeille et al., 2001) and after 3-day DI (Ogoh et al., 2017).

According to Poiseuille’s law, CVR depends on cerebral vessel diameter. CBF depends on CPP and CVR, according to the equation CBF=CPP/CVR. When CPP decreases or CVR increases, that leads to a decrease in CBF. CPP is directly correlated to ICP; When ICP increases, CPP is maintained by an increase in blood pressure up to a certain limit. There is no direct measurement of ICP in microgravity in humans. However, direct measurements performed in animals (Krotov et al., 1994) and indirect measurements in humans (Kramer et al., 2012; Kermorgant et al., 2017) argue in favor of a moderate elevation in ICP. During 3-day DI, Kermorgant et al. (2017) showed an increase in ONSD of about 30%, as measured with ultrasound (Pre-DI: 4.64±0.40mm; DI3: 6.01±0.49mm; p<0.001; Kermorgant et al., 2017). In DI5-CUFFS, Kermorgant et al. (2021) have found a significant increase of ONSD after 5days of DI by 20% in the control group and 14% in the cuffs group (Kermorgant et al., 2021). These ONSD values are equivalent to an elevation of ICP around 20mmHg, the normal range being between 7 and 15mmHg (Geeraerts et al., 2008). It, therefore, seems unlikely that a moderate elevation in ICP during DI would exceed the adjustment capacities of CPP.

During HDBR studies, Doppler measurements showed an increase in CVR and a decrease in CBF during the first week, after which these parameters returned to baseline values (Frey et al., 1993; Arbeille et al., 2001; Sun et al., 2002). After 3-day DI, Ogoh et al. (2017) failed to observe any change in CBF as measured by Doppler ultrasound. However, they observed an increase in CVR (Ogoh et al., 2017). Compared with the literature, our results showing a decrease in CBF after 5-day DI are consistent with the increase in CVR measured during the first week in simulated microgravity. According to studies performed in hindlimb suspension in rats, the increase in CVR could be a consequence of prolonged vasoconstriction in the first days, in response to the increased blood flow in the brain, due to the HDT position. After several days, the chronic vasoconstriction induced hypertrophy and modifications in the wall of cerebral arteries (Wilkerson et al., 2002). Previous studies have depicted hypertrophy in the media layer, an increase in thickness, an increase in spontaneous tone, and myogenic vasoconstriction of brain arteries mediated by altered secretion of endothelial NO (Geary et al., 1998; Zhang et al., 2001; Wilkerson et al., 2005). According to the authors, the prolonged vasoconstriction and these histological changes could be responsible for an increase in CVR, thus contributing to the decrease in CBF (Wilkerson et al., 2005). During DI5-CUFFS, Robin et al. (2020) observed a decrease in plasma volume by 15–20% throughout DI experiment. Likewise, during 3-day DI, Ogoh et al. (2017) demonstrated a correlation between the decrease in plasma volume and the decrease in blood flow velocity and conductance in the internal carotid artery, suggesting that the loss of plasma volume also contributes to the vasoconstriction of cerebral arteries. In accordance with the literature, we hypothesized that the decrease in rCBF after 5-day DI is the consequence of three mechanisms that all contribute to the increase in CVR: vasoconstriction of cerebral arteries in response to increased CBF induced by the cephalad fluid shift; the decrease in plasma volume; and a moderate increase in ICP, which may contribute to the increase in CVR through compression of cerebral blood vessels.

Cerebral autoregulation is the process of maintaining CBF relatively constant for CPP ranging from 50 to 150mmHg. Above these limits, CBF varies proportionally to CPP (Tameem and Krovvidi, 2013). Cerebral autoregulation is mainly mediated by small arteries that modify their diameter according to the change in CPP, in order to maintain constant CBF (Kontos et al., 1978). Indeed, cerebral autoregulation has been shown to be preserved or even improved in short-term studies (Kermorgant et al., 2020). Nevertheless, according to studies in rats, an increase in ICP may increase CVR through compression of the cerebral blood vessels (Wilkerson et al., 2002).

The basal ganglia interact with the cortex in a system of cortico-subcortical loops, in order to integrate cortical information and relay it to the cortex via the thalamus and brainstem (Parent and Hazrati, 1995). As they form the hub of information processing in the brain, these regions may be more intensely affected by change in CBF. An alternative explanation for the greater decrease in rCBF in the basal ganglia concerns the potential modification in neurotransmitter metabolism. Until now, to the best of our knowledge, little is known about neurotransmitter metabolism in humans in microgravity. In a study performed in rats, a change in the binding of neurotransmitters to their receptors was noted after 7days on board Spacelab 3. 5-HT1 receptors were more numerous, and binding of dopamine D-2 in the striatum was decreased (Miller et al., 1989).



Nonspecific Factors That May Influence rCBF

Many factors could have influence on rCBF. Neurosensory stimulation during injection may influence the HMPAO distribution in the brain (Woods et al., 1991). Thereby, we paid attention to isolate the subjects from neurosensorial stimulation during the injection at BDC-4 and at R0.

Cerebral blood flow changes according to the circadian rhythm. Indeed, it has been showed that CBF velocity is lower in the morning than in the afternoon and in the evening (Conroy et al., 2005). In our study, we performed the HMPAO acquisitions in the morning, roughly at the same hour at BDC-4 and at R0, consequently, the circadian rhythm had little influence on our results.

Hypocapnia is known to reduce CBF by decreasing CPP and decreasing CVR (Grüne et al., 2015). However, breathing function seems to be not altered in DI (Popova et al., 2013).



No Significant Effect of Thigh Cuffs on rCBF

We did not find any significant change in rCBF after 5-day DI between the cuffs and control groups. We hypothesized that, by limiting the cephalad fluid shift and its consequences, thigh cuffs limited the increase in CVR. During 5-day DI, Arbeille et al. (2020) found a significantly attenuated increase in volume in the right jugular vein (measured with ultrasound) at 2h post-immersion in the cuffs groups (control group: 0.27±0.15cm3 to 0.94±0.22cm3 p<0.05; cuffs group: 0.32±0.13cm3 to 0.64±0.32cm3; p<0.05). However, at DI4, there was no longer any significant difference between the control and cuffs group (control group: 0.47±0.22cm3; cuffs group: 0.35±0.14cm3, p<0.05). Moreover, the right jugular vein was less dilated compared to 2h post-immersion. Therefore, thigh cuffs seemed to be effective in limiting the dilatation of the jugular vein in the first few hours of DI, but their effectiveness seemed to diminish after a few days of DI. Studies suggested that thigh cuffs have an effect against the cephalad fluid shift and its consequences only when they are worn, and that there was no significant memory effect when they were removed at night (Herault et al., 2000). It is worth noting that rCBF was measured in the morning, after a night without thigh cuffs. Therefore, the absence of a significant effect of thigh cuffs on the modification of rCBF in our study has many possible explanations, including a lack of statistical power, the fact that thigh cuffs appear to have little effect on the cephalad fluid shift after 5-day DI, and the absence of a memory effect on rCBF after a night without thigh cuffs.



Justification for the Choice of 99mTc-HMPAO-SPECT

99mTc-hexamethyl propylene amine oxime SPECT is a tried and tested technique for measuring rCBF (Abdel-Dayem et al., 1988); however, it is not a technique for measuring CBF in large vessels. 99mTc-HMPAO is a SPECT tracer, which has lower spatial resolution than a PET tracer (e.g., 18F-FDG, O15H2). The choice of this tracer was ideal for our study, as 99mTc-HMPAO reaches its binding peak 2–3min after being injected. This allowed us, by injecting participants at the end of DI in the bath, to image rCBF while they were still immersed. After the end of DI, participants underwent a lower-body negative pressure test at the MEDES clinic after the injection, and then went to the nuclear medicine department for the SPECT scans. Because of the study design, the interval between the injection and scans was different at BDC-4 than at R0: scans began 20min after injection at BDC-4, and after 90min at R0. Because of the irreversible brain binding of 99mTc-HMPAO after its injection, we were able to make the acquisitions comparable. We corrected for the difference of acquisition time after injection at BDC-4 and at R0, by calculating a weighting factor for each image, based on the 99mTc decay constant. We then applied this weighting factor, for each image, in the analysis with SPM12 software.



Study Limitations

Our study had several limitations. Because of the semi-quantitative measurement of rCBF with 99mTc-HMPAO, it is not possible to determine in our study whether the decrease in rCBF was sufficient to induce or be a consequence of brain function impairments. Moreover, it was not planned in the design of the experimentation to collect neurological clinical data, in order to correlate with the rCBF modification.

The small sample size (N=18) may have weakened the statistical power of our results. This could explain why we did not find a significant result by correcting the alpha risk for multiple testing by a familywise error rate or false discovery rate. However, we did adjust the alpha risk and applied a good extent threshold that made our results more robust.

For radioprotection reasons, we injected the volunteers, in our initiative, with a less active radiotracer (261±8MBq), compared to the recommended standards (555–1,110MBq). We did not lengthen the time acquisition compared to the recommendations for a reason of comfort for the subjects (30s per projection and 30min for the total time acquisition; Kapucu et al., 2009); that could have weakened the signal-to-noise ratio of our images.

Moreover, DI is a ground-based model of microgravity with a particular environment for the subject, such as physical immobility, that could also influence the decrease in cerebral perfusion. Further studies are needed to explore modifications in CBF in microgravity.




CONCLUSION

That is the first study measuring rCBF in DI, we measured a decrease in rCBF in cortical and subcortical regions after a 5-day DI. We hypothesized that prolonged vasoconstriction of cerebral arteries in response to increased CBF resulting from the cephalad fluid shift, the decrease in plasma volume, and a moderate increase in ICP may contribute to the increase in CVR, thus inducing a decrease in rCBF. Although our study has several biases, that could influence the change in rCBF, this study could be considered as an explorative investigation that shows interesting results. Further studies are needed to better understand the effects and consequences of microgravity on rCBF.
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Cortisol and C-reactive protein (CRP) typically change during total sleep deprivation (TSD) and psychological stress; however, it remains unknown whether these biological markers can differentiate robust individual differences in neurobehavioral performance and self-rated sleepiness resulting from these stressors. Additionally, little is known about cortisol and CRP recovery after TSD. In our study, 32 healthy adults (ages 27–53; mean ± SD, 35.1 ± 7.1 years; 14 females) participated in a highly controlled 5-day experiment in the Human Exploration Research Analog (HERA), a high-fidelity National Aeronautics and Space Administration (NASA) space analog isolation facility, consisting of two baseline nights, 39 h TSD, and two recovery nights. Psychological stress was induced by a modified Trier Social Stress Test (TSST) on the afternoon of TSD. Salivary cortisol and plasma CRP were obtained at six time points, before (pre-study), during [baseline, the morning of TSD (TSD AM), the afternoon of TSD (TSD PM), and recovery], and after (post-study) the experiment. A neurobehavioral test battery, including measures of behavioral attention and cognitive throughput, and a self-report measure of sleepiness, was administered 11 times. Resilient and vulnerable groups were defined by a median split on the average TSD performance or sleepiness score. Low and high pre-study cortisol and CRP were defined by a median split on respective values at pre-study. Cortisol and CRP both changed significantly across the study, with cortisol, but not CRP, increasing during TSD. During recovery, cortisol levels did not return to pre-TSD levels, whereas CRP levels did not differ from baseline. When sex was added as a between-subject factor, the time × sex interaction was significant for cortisol. Resilient and vulnerable groups did not differ in cortisol and CRP, and low and high pre-study cortisol/CRP groups did not differ on performance tasks or self-reported sleepiness. Thus, both cortisol and CRP reliably changed in a normal, healthy population as a result of sleep loss; however, cortisol and CRP were not markers of neurobehavioral resilience to TSD and stress in this study.

Keywords: cortisol, C-reactive protein, sleep deprivation, psychological stress, biomarkers, neurobehavioral performance, psychomotor vigilance test, karolinska sleepiness scale


INTRODUCTION

Chronic sleep deprivation is an important public health concern associated with many adverse health outcomes and clinical disorders such as anxiety, depression, immune dysfunction, Alzheimer’s disease, cardiovascular disease, obesity, cancer, and overall morbidity and mortality (Ferrie et al., 2007; Gallicchio and Kalesan, 2009; Mullington et al., 2009; Phan and Malkani, 2019; Al-Rashed et al., 2021). Sleep deprivation is a potent stressor generally resulting in marked increases in physiological sleepiness (e.g., the Maintenance of Wakefulness Test and the Multiple Sleep Latency Test) and subjective sleepiness [e.g., the Karolinska Sleepiness Scale (KSS)] and significant deficits in cognitive performance (Banks and Dinges, 2007; Goel et al., 2009; Casale et al., 2021a,b; Yamazaki et al., 2021a,b). However, a number of studies show there are robust and highly replicable phenotypic individual differences in response to repeated exposure to sleep deprivation: some individuals are resilient, and others are vulnerable to total sleep deprivation (TSD) and chronic sleep restriction (SR), both commonly experienced types of sleep loss (Van Dongen et al., 2004; Goel et al., 2009; Dennis et al., 2017; Yamazaki and Goel, 2020). Moreover, these inter-individual differences persist across months and years when exposed to repeated sleep loss (Dennis et al., 2017), and do not differ within various key subgroups, such as sex, age, race, and body mass index (Yamazaki and Goel, 2020).

Although well investigated, the effects of sleep deprivation on cortisol, a hypothalamic–pituitary–adrenal (HPA) axis marker, and C-reactive protein (CRP), an inflammatory marker, remain inconsistent: some studies report no change in cortisol (Vgontzas et al., 2004; Frey et al., 2007; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020) or CRP (Faraut et al., 2011; Irwin et al., 2016; Choshen-Hillel et al., 2021), while others report decreases in cortisol (Åkerstedt et al., 1980) or CRP (Frey et al., 2007; Baek et al., 2020), or increases in cortisol (Leproult et al., 1997; Wright et al., 2015; Baek et al., 2020; Choshen-Hillel et al., 2021; Lamon et al., 2021) or CRP (Meier-Ewert et al., 2004; van Leeuwen et al., 2009). Similarly, studies have found that both acute and prolonged stress increase cortisol (Jönsson et al., 2010; Allen et al., 2014) and CRP (Eraly et al., 2014; Kennedy et al., 2014), although other studies reported no change in CRP (La Fratta et al., 2018; Szabo et al., 2020).

The Trier Social Stress Test (TSST) (Kirschbaum et al., 1993), a well-validated experimental acute psychological stressor, has been shown to increase cortisol (Jönsson et al., 2010; Kennedy et al., 2014; Allen et al., 2017) and CRP (Campisi et al., 2012; Kennedy et al., 2014) in healthy individuals. Notably, cortisol has shown varied responses to the combination of sleep loss and the TSST in the few studies that have investigated this combination; cortisol was blunted (Vargas and Lopez-Duran, 2017), increased (Minkel et al., 2014), or not significantly different (Schwarz et al., 2018) in those who experienced TSD and the TSST compared to those who experienced the TSST alone. To our knowledge, the CRP response to the combination of sleep loss and TSST has not yet been investigated.

Cortisol and CRP are associated with responses to stress (Eraly et al., 2014; Henckens et al., 2016), cardiovascular disease risk (Li et al., 2017; Crawford et al., 2019; Iob and Steptoe, 2019), and performance on multiple cognitive dimensions in dementia (Wersching et al., 2010; Hajjar et al., 2018; Ouanes et al., 2020). Moreover, low salivary cortisol is generally recognized as a marker for Posttraumatic Stress Disorder (PTSD) (Pan et al., 2018). However, to our knowledge, neither cortisol or CRP have been investigated as biomarkers for individual differences in cognitive performance or self-reported sleepiness responses to sleep loss or the combination of sleep loss and psychological stress.

Given the relationships of sleep deprivation and psychological stress with cortisol and CRP, these are novel, uninvestigated, candidate biomarkers that may identify individuals who are resilient or vulnerable to the combination of these stressors. We evaluated whether sleep loss, psychological stress and recovery affect cortisol and CRP levels and whether these biological markers could discern resilient and vulnerable individuals before and in response to TSD and psychological stress, which would have particularly important implications in applied settings, where both are commonly experienced (Barger et al., 2014; Cromwell et al., 2021). We hypothesized the following: (1) cognitive performance and self-rated sleepiness would be adversely impacted during TSD and psychological stress; (2) cortisol and CRP levels would increase during TSD and psychological stress and decrease with recovery; (3) resilient and vulnerable individuals (defined by each cognitive performance measure or by self-rated sleepiness) would show differential patterns of change in cortisol and CRP levels across the study; and (4) pre-study cortisol and pre-study CRP levels would distinguish cognitive performance and self-rated sleepiness during subsequent TSD and psychological stress.



MATERIALS AND METHODS


Participants

We studied 32 healthy adults (ages 27–53; mean age ± SD, 35.1 ± 7.1 years, 14 females) in the Human Research Program Human Exploration Research Analog (HERA), a high-fidelity National Aeronautics and Space Administration (NASA) space analog isolation facility in Johnson Space Center in Houston, TX, United States. Groups of four participants at a time participated in one of the four 14-day studies or one of the four 30-day studies. Participants were thoroughly screened by NASA to ensure they had astronaut-like characteristics, including suitable educational or military experience (Nasrini et al., 2020; Smith et al., 2021). Participants were required to pass a drug screen and a physical exam, including an eye exam, ensuring they were in good health with no history of cardiovascular, neurological, gastrointestinal, or musculoskeletal problems, and underwent psychological assessment (Moreno-Villanueva et al., 2018; Nasrini et al., 2020; Smith et al., 2021). The study was approved by the Institutional Review Boards of NASA and of the University of Pennsylvania, and all protocol methods were carried out in accordance with approved guidelines and regulations. Participants provided written informed consent in accordance with the Declaration of Helsinki and received compensation for their participation.



Procedures

During each HERA study, participants engaged in pre-study data collection, a 5-day experiment designed to induce sleep deprivation and psychological stress (Figure 1), and post-study data collection. The 5-day experiment consisted of 2 baseline nights [B1 and B2; 8-h time-in-bed (TIB), 2300–0700 h], followed by 39-h acute TSD (during which participants remained awake) that included a modified TSST conducted between 1500 and 1730 h after the TSD night to induce psychological stress (described below). TSD was followed by a 10-h TIB night of recovery (R1; 2200–0800 h), and a second 8-h TIB night of recovery (R2; 2300–0700 h). Fitness levels were not explicitly measured; however, all participants were in comparable good health, endured similar amounts of limited activity during the study, and were confined to engaging in prescribed activities at specific times. Napping was prohibited during the experiment. Sleep-wake episodes were verified objectively by wrist actigraphy (Philips Respironics Healthcare, Bend, OR, United States). Actigraphic sleep data were analyzed as in our prior studies (Dennis et al., 2017; Moreno-Villanueva et al., 2018; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a).
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FIGURE 1. Five-day experimental protocol. The experimental protocol consisted of 2 days of baseline with 8-h time in bed (TIB) sleep opportunity (B1, B2; 2300–0700 h). Baseline cortisol and CRP collection (white arrows) occurred at 0700 h after the B2 sleep opportunity, followed by the neurobehavioral test battery (NTB) at 1130 and 1730 h (black arrows). After the B2 day, participants began 39 h of total sleep deprivation (TSD, blue block). During TSD, NTB administration occurred at 0400 h, cortisol and CRP collection at 0800 h, and NTB administration at 1130 h. A modified Trier Social Stress Test (TSST, orange arrow) was administered starting at 1500 h during the TSD day, with cortisol and CRP collection at 1700 h and NTB administration after TSST completion at 1730 h. Recovery followed TSD, including 10 and 8 h TIB sleep opportunities (R1 and R2, respectively). The NTB was administered at 1130 and 1730 h during R1 and R2, and cortisol and CRP collection occurred at 0700 h of R2.




Biomarker Collection

Salivary cortisol and CRP were collected at the following six time points: pre-study, B2, the morning of TSD (TSD AM), the afternoon of TSD (TSD PM), R2, and post-study (Figure 1). All collections were completed at the same time each day (0800 h before eating), except for the TSD post-stress assessment, which was collected at 1730 h. Pre- and post-study collections occurred 1 day before and 4 or 5 days after the study, respectively, in the same location as those collections during the 5-day experiment. All participants fasted for 10 h prior to all five AM collections and for 5 h prior to the one PM collection for consistency across the study and among participants.


Salivary Cortisol Collection and Processing

At each biomarker collection point, 1 mL of saliva was collected using Salivettes (Sarstedt, NC, United States). Following collection, these tubes were kept on ice until storage at −80°C for assay. Salivary cortisol levels were measured in duplicate using the Salimetrics cortisol ELISA kit (Salimetrics, PA, United States). Intra-assay and inter-assay coefficients of variation were 2.37 and 3.95%, respectively, and the minimum detectable value was 0.012 μg/dL. All samples from the same participant were measured in the same assay.



High-Sensitivity C-Reactive Protein Collection and Processing

At each biomarker collection time point, 4 mL of whole blood was collected in pre-cooled vacutainer tubes containing sodium heparin (BD, NJ, United States) and kept on ice until centrifugation at 4°C. After centrifugation, samples were immediately frozen at −80°C and stored until assay. Determination of high-sensitivity CRP concentrations were performed using an Immulite 1000 High Sensitivity CRP kit (Siemens Healthineers, PA, United States). Intra-assay and inter-assay coefficients of variation were 5 and 6.75%, respectively, and the minimum detectable value was 0.3 mg/L. Undetectable samples were assigned half of the minimum detectable value (0.15 mg/L) (Meier-Ewert et al., 2004; Ferrie et al., 2013; Szabo et al., 2020). All samples from the same participant were measured in the same assay.




Neurobehavioral Performance

A precise computer-based neurobehavioral test battery (NTB) was administered 11 times during the study [Dell Latitude E5420 Laptops; Software: Windows XP; NTB custom reaction time (RT) testing software (Pulsar Informatics, Inc., Philadelphia, PA, United States)]: every day of the 5-day experiment at 1130 and 1730 h, and an additional test at 0400 h after the TSD night (Figure 1). The NTB included the following objective performance measures: the 3-min Psychomotor Vigilance Test (PVT), a behavioral attention test that is practical and applicable to real-world settings (Basner and Rubinstein, 2011; Basner et al., 2011, 2018; Hilditch et al., 2016; Grant et al., 2017; Behrens et al., 2019; Hansen et al., 2019; Benderoth et al., 2021), which measures the total number of lapses (RT > 355 ms) and errors (RT < 100 ms); and the Digit Symbol Substitution Test (DSST) (Hartman, 2009), a cognitive throughput task, which measures the number correct. The KSS (Åkerstedt and Gillberg, 1990) measures self-reported sleepiness. All tests are well-validated measures to examine sleep loss and they show stable, robust individual differences in healthy populations (Dennis et al., 2017; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a), and were administered in the following order during all test bouts: DSST, KSS, 3-min PVT. As such, resilient and vulnerable individuals were determined by a median split on average values from the three NTB sessions during TSD (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020) for 3-min PVT total lapses and errors, DSST performance, and KSS scores. We dichotomized participants as such given that, for initial examination and categorization of novel biomarkers, it is more suitable and applicable to create resilient and vulnerable groups in healthy adult samples, as per convention in the field (Chuah et al., 2009; Rocklage et al., 2009; Chee and Tan, 2010; Diekelmann et al., 2010; Patanaik et al., 2015; Yeo et al., 2015; Xu et al., 2016; Moreno-Villanueva et al., 2018; Caldwell et al., 2020; Salfi et al., 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021b), especially given our sample size. Importantly, systematic examination of multiple approaches and thresholds for evaluating differential neurobehavioral vulnerability to sleep loss has demonstrated that median splits on averaged performance scores, rather than change from baseline or variance in scores, are consistent indicators of resilience and vulnerability during sleep deprived and well-rested periods (Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021b), thus further justifying our methods.



Trier Social Stress Test

The TSST is a well-validated and commonly used test to experimentally induce psychological stress (Allen et al., 2014, 2017). A modified 30-min TSST was conducted with participants remotely via audio and a one-way video camera (Moreno-Villanueva et al., 2018). Notably, remote implementation of the TSST is a validated virtual alternative to the traditional in-person method (Kelly et al., 2007; Ruiz et al., 2010; Helminen et al., 2021). The TSST consisted of several challenging interview questions regarding responses to TSD, including those related to motivation, performance, aptitude, and interactions with others, and several difficult cognitive tests, including a 3-min Stroop task and a 5-min calculation task involving counting backward aloud in 13-step sequences (Moreno-Villanueva et al., 2018). The TSST was followed by debriefing following the afternoon biomarker collection.



Statistical Analyses

All statistical analyses were performed using SPSS v26 (SPSS Inc., IL, United States) with p < 0.05 considered statistically significant and all statistical tests were two-tailed. Descriptive statistics characterizing the sample and outcome measures, including the mean, standard deviation (SD), and standard error of the mean (SEM), are indicated in the results, tables, and figures.

A median split on average performance during TSD and psychological stress for each NTB measure defined the NTB resilient and vulnerable groups (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020). A median split on pre-study cortisol values and on CRP values defined low and high pre-study cortisol and CRP groups. One-way ANOVAs determined differences between NTB resilient and vulnerable groups as well as, separately, between the high and low cortisol and CRP groups for age (Wener et al., 2000; Yan et al., 2021), body surface area [BSA; a commonly used biometric unit for normalizing physiologic parameters in applied medical settings (Verbraecken et al., 2006)], and actigraphic sleep characteristics across the study. Chi-square tests determined differences between NTB resilient/vulnerable groups and the low/high pre-study cortisol and CRP groups for sex (Allen et al., 2017; Vargas and Lopez-Duran, 2017). Repeated measures (RM) ANOVA tests were conducted with the within-subject factor “time” [biomarkers (cortisol or CRP) across the study at time points: pre-study, baseline, TSD AM, TSD PM, recovery, and post-study], between-subject factor “NTB group” [NTB (3-min PVT, DSST, or KSS) resilient and vulnerable groups], and the interaction “time × NTB group.” Post hoc analyses with Bonferroni corrections were used to evaluate significant time effects. Sex, as a between-subject factor, as well as age and BSA, as continuous covariates, were independently added to the statistical model to determine the influence of these factors on the change in cortisol and CRP across the study. RMANOVAs with the within-subject factor “time” [NTB performance/scores (3-min PVT, DSST, or KSS) across the experiment: B2 1730 h, TSD 1730 h, and R1 1730 h], between-subject factor “pre-study group” [pre-study (cortisol or CRP) low or high group], and interaction “time × pre-study group.” Post hoc analyses with Bonferroni corrections were used to evaluate significant time effects. Bonferroni-corrected p-values are reported for all post hoc analyses. Spearman’s relative rank correlations evaluated the relationships between NTB measures, and Pearson correlation coefficients evaluated the relationships between cortisol and CRP across the study.

Studentized residuals beyond ± 3 SD were used to identify outliers for 3-min PVT lapses and errors and KSS scores. Analyses without the outliers were conducted and the results were unchanged; thus, we retained the outliers in the analyses to maximize statistical power. The distribution of cortisol and CRP were skewed according to the Shapiro–Wilk test of normality; thus, we added 0.15 to the undetectable CRP values (to allow for log transformation) and natural log transformed CRP and cortisol data before analysis to improve fit to normal distributions (average W = 0.960 and kurtosis = 0.089 for cortisol; average W = 0.879 and kurtosis = −0.114 for CRP) (Meier-Ewert et al., 2004; Frey et al., 2007; Minkel et al., 2014; Wright et al., 2015). The Greenhouse–Geisser correction for degrees of freedom was applied for all RMANOVAs to account for sphericity assumption violations indicated by significant Mauchly’s tests for all main analyses [χ2(2–14) = 6.44–79.70, p = 0.000–0.045], excluding the pre-study low/high cortisol and CRP for KSS RMANOVAs, χ2(2) = 0.50–0.59, p = 0.746–0.779, as well as cortisol for the sex RMANOVA, χ2(14) = 20.755, p = 0.109. To account for multiplicity, the false discovery rate correction of Benjamini and Hochberg (1995) [conducted in the R software environment (R Core Team, 2020)] was applied to all p-values derived from the sets of RMANOVAs evaluating cortisol and CRP changes across the study and NTB performance/scores across the experiment including covariate analyses. FDR corrected p-values are presented. One participant was withdrawn from the study during R1 but returned for post-study data collection. All RMANOVAs and all recovery post hoc comparisons did not include this individual’s data (N = 31). An error that occurred during blood collection resulted in another participant’s loss of data during post-study. This individual was excluded from all post-study averages of CRP (N = 31), as well as from CRP RMANOVAs, in addition to the aforementioned individual who was removed from the study during recovery (N = 30). Otherwise, both individuals’ data points were included in analyses to maximize statistical power (N = 32).




RESULTS


Participant Characteristics

There were no significant differences between NTB resilient and vulnerable groups, F(1) = 0.000–2.638, p = 0.115–1.000, or between pre-study high and low cortisol or pre-study high and low CRP groups, F(1) = 0.000–2.034, p = 0.164–1.000, defined by sex, age, or BSA, except for by sex distribution for the 3-min PVT, for which there were significantly more males (males, N = 12) in the resilient than vulnerable group, χ2(1) = 4.571, p = 0.033 (Table 1). However, when 3-min PVT performance during TSD was compared by sex, the group difference was not significant, F(1) = 4.031, p = 0.054; other NTB measures also did not show significant sex differences in performance, F(1) = 0.013–0.993, p = 0.327–0.910. During the 5-day experiment (Figure 1), NTB resilient and vulnerable groups did not differ in actigraphic sleep onset latency, wake after sleep onset, or total sleep time, F(1) = 0.000–3.755, p = 0.062–0.992 (Table 1 shows actigraphic data divided by the 3-min PVT resilient-vulnerable grouping), except that the DSST resilient and the KSS vulnerable groups had significantly shorter onset latencies at B1 than the DSST vulnerable and KSS resilient groups, F(1) = 4.380–4.588, p = 0.041–0.045, and the DSST vulnerable group had a significantly shorter onset latency at R1 than the DSST resilient group, F(1) = 6.491, p = 0.016.


TABLE 1. Participant characteristics and actigraphic sleep data during the 5-day experiment (mean ± SD).

[image: Table 1]
Cortisol and CRP values were within normal, healthy adult ranges as reported in previous literature (Laudat et al., 1988; Broekhuizen et al., 2006; Hellhammer et al., 2009), except for in two participants. One participant had a pre-study CRP level of 27 mg/L (z-score = 4.63); however, for the remaining five time points, this individual’s CRP ranged between 1.22 and 1.37 mg/L. Another participant had CRP levels between 9.17 and 14 mg/L (z-scores = 2.17–4.86) throughout the study; however, the results did not change when this participant’s data points were removed. Thus, all data were retained to maximize the number of data points in the analyses. Pearson correlation coefficients between cortisol and CRP were significant at pre-study (r = −0.50, p = 0.004), recovery (r = −0.36, p = 0.046), and post-study (r = −0.42, p = 0.017), but not significant at any other time point (r = −0.045 to −0.311, p = 0.083–0.809).



Cortisol


Cortisol Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups

The 3-min PVT, DSST, and KSS did not show significant time × group interactions, F(3.447–3.551, 99.964–102.972) = 0.479–0.902, p = 0.609–0.793, ηp2 = 0.016–0.030, or significant overall between-subjects effects, F(1) = 0.020–2.408, p = 0.264–0.889, ηp2 = 0.001–0.077, for cortisol across the study (Figures 2A–C).
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FIGURE 2. Cortisol and C-reactive protein (CRP) changes across the study defined by a median split on 3-min Psychomotor Vigilance Test (PVT) lapses and errors, Digit Symbol Substitution Test (DSST) total number correct, and Karolinska Sleepiness Scale (KSS) scores. The left panel of graphs shows the pattern of change in cortisol across the study and the right panel of graphs shows the pattern of change in CRP across the study for neurobehavioral measures. Resilient and vulnerable groups were defined by a median split on (A,D) 3-min PVT lapses and errors; (B,E) DSST total number correct; and (C,F) KSS scores. There were no significant findings for the 3-min PVT, DSST, or KSS analyses. N = 15 in the recovery resilient points in (A,B,D,E) and in the recovery vulnerable points in (C,F) due to one participant withdrawn from the study during recovery night 1; N = 15 in the post-study resilient points in (D–F) due to a blood collection error; all other data points are N = 16. Data are not transformed and are presented as mean ± SEM.




Main Effect of Time for Cortisol Across Study

Cortisol showed a significant time effect across the study, F(3.590, 107.714) = 9.563, p < 0.001, ηp2 = 0.242 (Figure 3A). Post hoc analyses showed that post-study cortisol was significantly higher than pre-study (p = 0.003), baseline (p < 0.001), and TSD PM cortisol (p = 0.001). Baseline cortisol was significantly lower than recovery cortisol (p = 0.025), and TSD PM cortisol was significantly lower than TSD AM cortisol (p = 0.020) and recovery cortisol (p = 0.025).
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FIGURE 3. Cortisol and C-reactive protein (CRP) changes across the study. (A) Cortisol showed a significant change across the study. Post hoc analyses showed that post-study cortisol was significantly higher than pre-study, baseline, and TSD PM cortisol. Cortisol at TSD AM was significantly higher than at TSD PM. Recovery cortisol was also significantly higher than at baseline and TSD PM. (B) CRP showed a significant time effect across the study. Post hoc analyses showed that pre-study CRP was significantly higher than CRP at all other time points except for post-study. N = 31 for the recovery point in (A) due to one participant withdrawn from the study during recovery night 1 and for the post-study point in (B) due to one participant’s loss of data due to a blood collection error; all other points are N = 32. *p < 0.05, **p < 0.01. Data are not transformed and are presented as mean ± SEM.


We also examined demographic covariates in the statistical model. When sex was added to the model as a between-subject factor, the time × sex interaction was significant, F(3.879, 112.505) = 3.429, p = 0.036, ηp2 = 0.106. The time effect was significant in both females, F(4.070–52.904) = 12.103, p < 0.001, ηp2 = 0.482, and males, F(3.297, 52.747) = 2.769, p = 0.046, ηp2 = 0.148. In females, cortisol was significantly lower at baseline than at post-study, p = 0.047, and TSD PM cortisol was significantly lower than at baseline, TSD AM, recovery, and post-study, p ≤ 0.001–0.012. In males, cortisol was significantly lower at baseline than at post-study, p = 0.002. Females also had significantly lower cortisol than males at TSD PM, F(1) = 4.363, p = 0.045, ηp2 = 0.127. There were no significant differences between females and males at any other time point, F(1) = 0.044–0.889, p = 0.353–0.835, ηp2 = 0.001–0.030. When age was added to the model, the time × age interaction was not significant, F(3.682, 106.767) = 2.142, p = 0.219, ηp2 = 0.069, and the overall time effect was significant, F(3.682, 106.767) = 3.889, p = 0.022, ηp2 = 0.118. Lastly, when BSA was added to the model, the time × BSA interaction was not significant, F(3.591, 104.147) = 0.922, p = 0.607, ηp2 = 0.031, and the overall time effect was not significant, F(3.591, 104.147) = 1.301, p = 0.454, ηp2 = 0.043.



Neurobehavioral Test Battery Profiles in High vs. Low Pre-study Cortisol Groups

The high vs. low pre-study cortisol groups did not show a significant time × group interaction, F(1.612–1.959, 46.759–56.824) = 0.418–3.630, p = 0.116–0.767, ηp2 = 0.014–0.111, or significant between-subject effects, F(1) = 1.407–4.455, p = 0.116–0.396, ηp2 = 0.046–0.133, for 3-min PVT and DSST performance, or KSS scores across the study (Figures 4A–C).
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FIGURE 4. Changes in 3-min Psychomotor Vigilance Test (PVT) lapses and errors, Digit Symbol Substitution Test (DSST) total number correct, and Karolinska Sleepiness Scale (KSS) scores across the 5-day experiment defined by a median split on pre-study cortisol and pre-study C-reactive protein (CRP) values. The graphs show the changes in (A,D) 3-min PVT lapses and errors; (B,E) DSST total number correct; and (C,F) KSS scores by a median split on (A–C) pre-study cortisol values and (D–F) pre-study CRP values. Three-minute PVT and DSST performance and KSS scores did not show any significant findings for these analyses. N = 15 in the recovery points of the high pre-study cortisol group in (A–F) due to one participant withdrawn from the study during recovery night 1; all other data points are N = 16. Data are mean ± SEM.





C-Reactive Protein


C-Reactive Protein Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups

The 3-min PVT, DSST, and KSS did not show significant time × group interactions, F(2.939–2.998, 82.303–83.944) = 0.135–1.264, p = 0.681–0.938, ηp2 = 0.005–0.043, or significant overall between-subject effects, F(1) = 0.350–1.262, p = 0.670–0.812, ηp2 = 0.012–0.043, for CRP across the study (Figures 2D–F).



Main Effect of Time for C-Reactive Protein Across the Study and With Covariates

C-reactive protein also showed a significant time effect across the study, F(3.007, 87.213) = 10.09, p < 0.001, ηp2 = 0.258 (Figure 3B). Post hoc analyses showed that pre-study CRP was significantly higher than baseline, TSD AM, TSD PM, and recovery CRP (p = 0.001–0.014).

We also examined demographic covariates in the statistical model. When sex was added to the model as a between-subject factor, the time × sex interaction was not significant, F(3.033, 84.936) = 2.692, p = 0.162, ηp2 = 0.088, and the between-subject effect was not significant, F(1) = 3.367, p = 0.218, ηp2 = 0.107. When age was added to the model as a covariate, the time × age interaction was not significant, F(3.014, 84.398) = 1.262, p = 0.650, ηp2 = 0.043, and the overall time effect was not significant, F(3.014, 84.398) = 0.448, p = 0.910, ηp2 = 0.016. Lastly, when BSA was added to the model as a covariate, the time × BSA interaction was not significant, F(2.967, 83.071) = 0.334, p = 0.910, ηp2 = 0.012, and the overall time effect was not significant, F(2.967, 83.071) = 0.328, p = 0.910, ηp2 = 0.012.



Neurobehavioral Test Battery Profiles in High vs. Low Pre-study C-Reactive Protein Groups

The high vs. low pre-study CRP groups did not show a significant time × group interaction, F(1.580–1.965, 45.827–56.994) = 0.110–1.675, p = 0.566–0.908, ηp2 = 0.004–0.055, or between-subject difference, F(1) = 0.030–0.572, p = 0.812–0.908, ηp2 = 0.001–0.019, for 3-min PVT and DSST performance, or KSS scores across the study (Figures 4D–F).




Neurobehavioral Deficits Induced by Sleep Loss and Psychological Stress

Three-minute PVT performance, DSST performance, and KSS scores were all significantly, negatively affected by TSD and psychological stress, F(1.580–1.965, 45.827–56.994) = 17.878–90.551, all p’s < 0.001, ηp2 = 0.381–0.757. Table 2 presents the mean and SD for participants on each NTB measure during averaged study periods [baseline, TSD, recovery (averaged from R1 and R2)] and by NTB resilient and vulnerable groups. Performance and self-report scores all returned to baseline levels (all p’s ≤ 0.001) except for the KSS, in which recovery sleepiness scores were significantly lower than at baseline (p = 0.013).


TABLE 2. Neurobehavioral measures during baseline, total sleep deprivation (TSD), and recoveryA during the 5-day experiment (mean ± SD).
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During sleep deprivation and psychological stress, the range of the Spearman relative rank correlations between the two objective performance measures (3-min PVT and DSST) was ρ = −0.579, p = 0.001, and the range between the objective performance measures and the KSS was ρ = −0.142–0.371, p = 0.036–0.439. The profiles of change in NTB performance and self-report scores with sleep loss and psychological stress are comparable to results obtained in laboratory studies (Dennis et al., 2017; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a,b).




DISCUSSION

Cortisol and CRP levels significantly changed across our study, which included two commonly experienced stressors, TSD and psychological stress. Cortisol, but not CRP, increased after a night of TSD. Furthermore, during recovery, cortisol levels did not return to pre-TSD levels, but CRP levels did not differ from those during baseline. As expected, cognitive performance and self-reported sleepiness worsened with TSD and stress. However, cortisol and CRP did not show significant differences between resilient vs. vulnerable groups, and pre-study low vs. high cortisol/CRP groups did not significantly differ in performance or sleepiness. Thus, using our design, both biological markers are not reliable discriminators of cognitive performance or self-reported sleepiness during TSD and psychological stress in our healthy population.

Cortisol increased after a night of TSD in all participants, consistent with some prior studies using healthy samples (Leproult et al., 1997; Wright et al., 2015; Choshen-Hillel et al., 2021; Lamon et al., 2021), but not with others (Åkerstedt et al., 1980; Vgontzas et al., 2004; Frey et al., 2007; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020). Cortisol also decreased from TSD AM to TSD PM, reflecting its well-established, time-of-day profile (Krieger et al., 1971; Czeisler et al., 1999). However, one prior study in a healthy sample (Vargas and Lopez-Duran, 2017) found a blunted cortisol response to the TSST when it was administered in the late morning/early afternoon (similar timing to that in our protocol) during acute TSD. These results are consistent with our findings, since the TSST in our study occurred shortly before the TSD PM biomarker collection, and in which we detected a decrease in cortisol. Nevertheless, due to our study design, we are not able to parse the time-of-day effect of cortisol from a blunted cortisol response. Additionally, we found a significant time × sex effect, whereby females showed lower cortisol at TSD PM compared to all other time points except at pre-study, while in males the TSD PM cortisol did not differ from any other study time point. This finding is interesting in the context of prior literature suggesting that sex differences exist in cortisol responses to sleep loss (Vargas and Lopez-Duran, 2017) and stress (Allen et al., 2017). Our results underscore the importance of considering such demographic variables as covariates when evaluating cortisol under sleep loss and stress and warrant further investigation.

During recovery, cortisol was greater than both at pre-study and baseline in our overall sample. Only a few studies have reported how cortisol levels after recovery from sleep deprivation compare to levels during baseline before sleep deprivation. Notably, our results contrast with a prior study comparing baseline cortisol to recovery cortisol after 48 h of TSD (Åkerstedt et al., 1980), and with studies comparing baseline cortisol to recovery cortisol after SR or acute TSD, which showed no significant difference (van Leeuwen et al., 2009; Honma et al., 2020) or a decrease (Pejovic et al., 2013) in cortisol between baseline and recovery. The discrepancies between our results and those of other studies may be due to the severity of the sleep loss condition, differences in the time elapsed between the end of the sleep loss and recovery cortisol sample acquisition, or the addition of the TSST stressor, which was not implemented in prior studies (Åkerstedt et al., 1980; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020). The combination of sleep loss and the TSST was an important component of our study since it simulated stressors commonly experienced in applied settings (Barger et al., 2014; Cromwell et al., 2021). Of note, the timeline of neurobehavioral recovery for some measures differs after SR compared to TSD (Yamazaki et al., 2021a); thus, perhaps the timeline of physiological recovery after SR vs. TSD also varies. More research investigating recovery profiles of cortisol after sleep loss is warranted.

We found a significant change in CRP throughout our study. The significant decrease in CRP from pre-study to both TSD AM and TSD PM is consistent with one previous study (Frey et al., 2007), but differs from other studies that showed increases (Meier-Ewert et al., 2004; van Leeuwen et al., 2009) or no changes in CRP (Faraut et al., 2011; Irwin et al., 2016; Choshen-Hillel et al., 2021) during sleep loss. We also found that recovery levels were similar to those at baseline, in contrast to another study that found recovery CRP after TSD was significantly higher than baseline CRP (Meier-Ewert et al., 2004). Two studies compared recovery CRP after SR to baseline CRP and found no difference (Faraut et al., 2011) or an increase (van Leeuwen et al., 2009) in CRP from baseline to recovery. Similar to cortisol, possible explanations for the discrepancies in changes in CRP in the present study and in the prior literature include differences in sleep loss protocol/severity of sleep loss (hours of sleep deprivation, TSD vs. SR), time elapsed between the end of sleep loss and recovery CRP sample acquisition, or the addition of the TSST in our study. However, it is notable that in our study, CRP levels did return to baseline levels, thus suggesting that two nights of recovery sleep following TSD may mitigate the sleep-loss related decrements. Additionally, when age and BSA were independently added to the analysis model as covariates, the time effect was no longer significant. Given the literature on the relationship between age and CRP (Wener et al., 2000; Yan et al., 2021), as well as body weight and CRP (Choi et al., 2013; Cohen et al., 2021), future research should investigate the influence of age and BSA on CRP across sleep loss and stress using larger sample sizes.

Interestingly, there were significant negative correlations between cortisol and CRP at pre-study, recovery, and post-study, but not at baseline, TSD AM, or TSD PM. This suggests that although cortisol and CRP tap into different biological dimensions as part of discrete neurobiological systems (cortisol is an HPA axis marker and CRP is an inflammatory marker), the two metabolites may be related at certain non-sleep loss/stress time points. Indeed, while cortisol demonstrates diurnal variability and rapidly changes in response to stressors, CRP does not appear to vary by time of day in our results and in those from a different study (Meier-Ewert et al., 2001), nor does it seem to change rapidly in response to stressors.

For the first time, we investigated whether cortisol and CRP could discriminate cognitive performance and subjective sleepiness resilience during the combination of TSD and psychological stress. Our results indicate that cortisol and CRP are not markers of neurobehavioral resilience to TSD and stress, at least using our study design. Our findings have important implications for applied settings, including space flight (Barger et al., 2014; Cromwell et al., 2021). We conducted our study in NASA’s HERA missions, which is useful for examining the behavioral health impacts of various stressors, such as sleep loss and isolation experienced during spaceflight (Barger et al., 2014; Cromwell et al., 2021); our results demonstrate the criticality of considering differential vulnerability to sleep loss and stress of astronauts enduring short and long duration missions. Additionally, they have potential implications and applications beyond sleep deprivation and psychological stress. Higher cortisol is associated with obsessive compulsive disorder (Sousa-Lima et al., 2019), depression (Nandam et al., 2020), cardiovascular risk factors (Kelly et al., 1998; Iob and Steptoe, 2019), and declining cognitive performance in older individuals (Ouanes and Popp, 2019). The increase in cortisol that we observed in the entire sample during TSD AM and the sustained increased levels during recovery, may indicate that repeated exposure to TSD could cause repeated increased and sustained cortisol levels, which may lead to greater risk of the aforementioned adverse health outcomes, though further research is needed in studies involving a control group.

Further research is also needed concerning the underlying neural correlates of differential resilience and vulnerability to sleep deprivation in relation to various neurobehavioral metrics and biomarkers. While prior studies have reported which brain regions are primarily recruited by specific neurobehavioral tasks and how these associations are impacted by sleep deprivation – the PVT recruits regions responsible for vigilant attention (i.e., the prefrontal cortex, the motor cortex, the inferior parietal cortex, and the visual cortex) (Nasrini et al., 2020; Smith et al., 2021), the DSST recruits regions associated with complex scanning and visual tracking (i.e., the temporal cortex, the prefrontal cortex, and the motor cortex) (Nasrini et al., 2020; Smith et al., 2021), and the KSS recruits regions related to attention and sensory transmission (i.e., the thalamus and the right middle frontal gyrus) (Sun et al., 2020; Motomura et al., 2021) – more work is still needed in this area. Particularly, identifying neural signatures of neurobehavioral resilience and vulnerability to sleep deprivation via neural imaging techniques would provide additional methods for determining such individual differences. To our knowledge, very few studies have investigated this concept (Chee and Tan, 2010; Li et al., 2020; Zhu et al., 2020), thus warranting the need for future work.

There are a few limitations to this study. All participants were healthy adults; thus, our data may not be generalizable to clinical populations, such as individuals with PTSD, since these individuals generally have lower basal cortisol (Pan et al., 2018). Similarly, our participants were young to middle aged adults. Adolescents and older individuals may show different changes in response to sleep deprivation and psychological stress, although this contrasts one finding showing cortisol responses during the TSST while sleep deprived did not differ in older adults (60–72 years old) compared to healthy, younger adults (18–30 years old) (Schwarz et al., 2018). Thus, future studies should investigate the possibility that other populations may respond differently to sleep loss and psychological stress. Additionally, the fasting period before biomarker collection may have slightly impacted cortisol and CRP levels, though previous studies have shown no significant effect of fasting on baseline levels of these biomarkers (Kirschbaum et al., 1997; Dumanovic et al., 2021). Similarly, neurobehavioral test bouts were not performed during the fasted state (other than the TSD 0400 h test bout), so fasting also likely had no influence on performance metrics. Due to protocol restrictions, we were unable to collect cortisol samples immediately following exposure to the TSST and therefore, we could not capture peak cortisol occurring in response to the TSST. We also could not systematically assess potential effects of psychological stress and/or TSD on circadian phase, since biomarkers were only collected at one time point each day (except on the afternoon of TSD). In addition, the lack of a control group consisting of the TSST without TSD limits differentiation of the impact of sleep loss separately from that of stress in this study. However, it is plausible that in high-pressure applied settings, such as space flight, individuals will likely experience both sleep loss and stress (Barger et al., 2014; Cromwell et al., 2021), thus retaining the usefulness of our results, despite the lack of a control group. Our results are also limited in generalizability to the tests administered and administration environment, since use of other neurobehavioral measures or testing in real-world situations may yield different results.

In conclusion, both cortisol and CRP levels significantly changed across our study, with cortisol, but not CRP, increasing with TSD. In addition, cortisol levels did not return to pre-TSD levels during recovery, but CRP levels did not differ from those during baseline. Although cognitive performance and self-reported sleepiness worsened with TSD and stress, cortisol and CRP did not show significant differences between resilient vs. vulnerable groups, and pre-study low vs. high cortisol/CRP groups did not significantly differ in performance or sleepiness. Thus, cortisol and CRP are not reliable discriminators of neurobehavioral performance during TSD and psychological stress in our healthy population using our study design.
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The human sensorimotor control has evolved in the Earth’s environment where all movement is influenced by the gravitational force. Changes in this environmental force can severely impact the performance of arm movements which can be detrimental in completing certain tasks such as piloting or controlling complex vehicles. For this reason, subjects that are required to perform such tasks undergo extensive training procedures in order to minimize the chances of failure. We investigated whether local gravity simulation of altered gravitational conditions on the arm would lead to changes in kinematic parameters comparable to the full-body experience of microgravity and hypergravity onboard a parabolic flight. To see if this would be a feasible approach for on-ground training of arm reaching movements in altered gravity conditions we developed a robotic device that was able to apply forces at the wrist in order to simulate micro- or hypergravity conditions for the arm while subjects performed pointing movements on a touch screen. We analyzed and compared the results of several kinematic parameters along with muscle activity using this system with data of the same subjects being fully exposed to microgravity and hypergravity conditions on a parabolic flight. Both in our simulation and in-flight, we observed a significant increase in movement durations in microgravity conditions and increased velocities in hypergravity for upward movements. Additionally, we noted a reduced accuracy of pointing both in-flight and in our simulation. These promising results suggest, that locally simulated altered gravity can elicit similar changes in some movement characteristics for arm reaching movements. This could potentially be exploited as a means of developing devices such as exoskeletons to aid in training individuals prior to undertaking tasks in changed gravitational conditions.
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INTRODUCTION

Eye-hand coordination is necessary for many everyday tasks that involve grabbing or manipulating objects around us. High proficiency in eye-hand coordination is especially crucial for humans controlling vehicles or complex systems or performing piloting tasks (Paloski et al., 2008). However, human sensorimotor control has evolved in the Earth’s environment where all movements are influenced by the gravitational force (Fisk et al., 1993; Smetanin and Popov, 1997). Changes or the mere absence of this environmental force can drastically affect the performance of arm reaching movements especially in early exposure to the novel environmental dynamics as was observed in force field experiments (Lackner and Dizio, 1994; Shadmehr and Moussavi, 2000) or microgravity (Papaxanthis et al., 2005). Adaptation and training for exposure to changing environmental conditions are critical especially in space flight exploration where astronauts must be prepared on how to operate and complete a multitude of tasks in periods of hypergravity as well as microgravity.

Designing efficient training procedures or simulation environments requires good knowledge of how microgravity and hypergravity affect human sensorimotor control. Several studies already explored the effect of these environmental conditions on arm reaching kinematics in space, during parabolic flights, and in human centrifuges as well as the effects after returning to earth from space (Kornilova et al., 2016). However, the results are not always consistent from study to study. In some cases, the authors found a reduction of movement duration in microgravity compared to normogravity (Mechtcheriakov et al., 2002; White et al., 2008; Crevecoeur et al., 2010) while in other cases, no significant changes were detected (Bringoux et al., 2012; Macaluso et al., 2017). In general, it has been shown that the new environmental conditions negatively affect the accuracy or pointing position of subjects as compared to normogravity (Bock et al., 1992; Fisk et al., 1993). However, in studies where the subjects were trained cosmonauts, no changes in accuracy were found when comparing microgravity and normogravity conditions (Berger et al., 1997; Mechtcheriakov et al., 2002). These discrepancies in results could be just due to the limited number of subjects included in these studies or they might indicate that trained subjects are indeed able to perform better in such environments.

One option for training astronauts before space missions is the use of parabolic flights. However, these are very expensive, the exposure time to microgravity is very limited, and the gravitational environment varies. The other more established method to prepare astronauts for performing tasks in microgravity, is underwater training in neutral buoyancy (Bolender et al., 2006). Some studies explored the effects of neutral buoyancy on sensorimotor control and also compared the effect to those observed in microgravity (Macaluso et al., 2017). However, training underwater does not affect the vestibular signals in the same way as microgravity. Furthermore, faster movements generate additional viscous resistance forces that are not present in microgravity. An alternative for simulating microgravity would be the use of weight support systems to locally remove the effect of gravity on a limb of the individual. There has been some work on exploring kinematic features with weight support systems, but mainly for rehabilitation purposes for stroke patients (Prange et al., 2009; Coscia et al., 2014). In these studies, no significant differences were found for movement duration and movement symmetry. However, these studies did not investigate movements with or against gravity and therefore cannot be compared with other studies investigating movement kinematics in space or parabolic flights.

In this study, we investigated whether simulation of hyper- and microgravity conditions locally on the arm could be a feasible approach for on-ground training of arm reaching movements in altered gravity conditions. To achieve this, we developed a low friction robotic device that was able to apply forces at the wrist in order to simulate micro- or hypergravity conditions for the arm while subjects performed pointing movements on a touch screen. We compared the results of various kinematic parameters using this system with data from a parabolic flight where the same subjects were fully exposed to micro- and hypergravity conditions.



MATERIALS AND METHODS

The study was performed during the 142nd CNES parabolic flight campaign that included three flights over 3 days. The flights were composed of 31 parabolic maneuvers. Each maneuver consisted of three phases: 20 s of hypergravity (1.8 g, pull-up phase) followed by 22 s of microgravity (0 g) before a second period of 20 s of hypergravity (1.8 g, pull-out phase). A more technical and in-depth description of the parabolic flight maneuvers is presented by Pletser et al. (2016). The second part of the study was performed on the ground, where we simulated micro- and hypergravity conditions for the arm of the subjects with a robotic system.


Subjects

Nine right-handed subjects (seven males, two females) participated in the study (age: 29.8 ± 7.4 years, height: 176.0 ± 10.8 cm, weight: 71.0 ± 15.7 kg). No subject reported any musculoskeletal disorders. To avoid motion sickness during the parabolic flight, all subjects received a personalized dose of scopolamine prior to the flight. It has been previously shown, that use of scopolamine does not interfere with sensorimotor control (Ritzmann et al., 2016). None of the subjects had prior microgravity or hypergravity experience. They were all naive with respect to the specific purpose of this experiment. All subjects gave their informed consent to participate in the study, stored by the Caen University Hospital. The experiment was conducted in accordance with the Declaration of Helsinki, procedures were approved by the French National Ethics committee (2018-A03379-46) and authorized by the ANSM (French National Agency for Biomedical Security).



Experimental Setup

The subjects were seated in a chair (Figure 1A) positioned in front of a touch screen display (ProLite T2435MSC-B2, Iiyama, Hoofddorp, The Netherlands) oriented in portrait mode (display size 521 mm × 293 mm) as depicted in Figure 1B. The middle of the screen was positioned at a height of 750 mm so that subjects could comfortably reach the top and bottom of the screen. To prevent trunk displacement during the task, subjects were securely strapped to the chair using a four-point harness. The subject’s legs were positioned on the outsides of the screen with the ankles strapped firmly in place. This was done in order to prevent involuntary leg movements during microgravity phases.
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FIGURE 1. (A) Profile view of the experimental setup and (B) view of the screen indicating start (Gray) and end target (Red) locations. The orientation of the coordinate system is marked indicating the positive y coordinate pointing up and the x coordinate pointing out from the screen towards the subject. (C) The measurement window during each parabola consisted of 20 s of normogravity followed by 20 s of hypergravity and finally 22 s of microgravity. (D) The number of parabolas per subject. The parabolas from 5 to 9 during flight were part of another study.



During the experiment, the subject’s right wrist was strapped with a Velcro strap to a non-stretchable string (Dyneema® 1.5 mm, YSM and Partners, Dobra, Poland) which was connected to two motors (EMMS-AS-55-S-TM, Festo, Esslingen, Germany), positioned above and below the center of the screen. The distance between the motors was 1.5 m. To prevent string slack, a constant pretension force of 10 N was applied by both motors in the opposite direction. This allowed for unobstructed vertical movements of the arm while maintaining a constant connection of the wrist to the motors. In the trials performed on the ground, the motors were used to apply a force at the subject’s wrist, mimicking the gravitational effects of microgravity or hypergravity conditions at the shoulder joint. To simulate microgravity, the motors applied a constant force in the upward direction, whereas to simulate hypergravity conditions, the force was applied in the downward direction. In simulated normogravity conditions, no additional force was applied to the wrist, only the pretension was used in order to prevent string slack. The force used was subject-specific and was measured beforehand (18.6 ± 4.8 N). The force controller to control the motors was running on a real-time computer at a rate of 1 kHz and in a closed loop. To monitor the kinematics of the subjects, a motion capture system consisting of three cameras was used (Vicon, Yarnton, United Kingdom). A marker was placed on the stylus used for performing the task. The acquisition frequency for the kinematics was 100 Hz.

To collect data of muscle activity, EMG electrodes (SX230 sensor, Biometrics Ltd, Newport, UK) were placed on the skin following SENIAM recommendations (Hermens et al., 2000) on the Anterior and Posterior Deltoid, Trapezius, and Pectoralis. Raw EMG signals were recorded at a frequency of 1,000 Hz on a Sensoray Model 526 (Sensoray, Tigrad, USA).



Task

Subjects had to successfully point to a target presented on the screen in front of them. To perform the task, subjects used a tactile stylus held by the thumb, index, and middle finger. The starting position was indicated by a gray circle of a diameter of 60 mm and was located approximately at the shoulder height. After a random delay of 0–500 ms, the end target (diameter of 20 mm) was presented to the subject. The seven possible end target positions were 8, 10, 12, 14, 16, 18, and 20 cm from the start target either vertically up or down. To prevent anticipation, the sequence of displayed targets was randomized. The subjects were instructed to perform the task as fast and as accurately as possible. On average subjects performed 20.8  ±  4.3 trials per each parabola.



Protocol

The whole experiment consisted of one in-flight session and one simulation session performed on the ground. In the in-flight session, each subject performed the experiment for 10 parabolas. This included 20 s before the parabola (normogravity), 20 s during hypergravity, and 22 s during microgravity (Figure 1C). During other parts of the flight, the subjects were instructed to rest their arm on their right leg.

In the simulation session (carried out one day after all the flight sessions), each subject performed the same task for the duration of 10 simulated parabolas. Each simulated parabola consisted of 20 s with the motors inactive (normogravity), followed by 20 s with the motors active and applying a downward force to the wrist simulating hypergravity and finally, 22 s with the motors active and applying an upward force to the wrist, simulating microgravity. After each simulated parabola, the subjects rested their arm. In the simulation session, only seven out of nine subjects participated in the experiment.

As indicated in Figure 1D, only five parabolas during flight were used for the analysis in this study. The parabolas five-nine were part of another study where the subjects received an assistive force at the wrist to compensate for the gravitational changes experienced during the parabolic flight and thus simulated constant normogravity conditions for the arm performing the experiment.

For a concise representation of different conditions throughout this article, we will refer to the in-flight phases of normogravity, microgravity, and hypergravity with labels (1g, 0g, and 2g) respectively. For the trials performed on the ground, we will refer to them as simulated normogravity, microgravity, and hypergravity conditions with labels (1g S, 0g S, and 2g S). We use the term simulated normogravity, even though during these trials we did not simulate any additional forces. The colors used in the figures of results are coherent between actual or simulated conditions, where green denotes 1g/1g S conditions, blue denotes 0g/0 gS conditions and red denotes 2g/2g S conditions.



Data Processing and Analysis

Data from the touch screen were used to calculate movement duration and accuracy. The trial started when the stylus moved away from the screen and ended when it touched the screen again. Movement duration was defined as the time from the start to the end of one trial. To assess accuracy, the pointing position relative to the target was calculated as the vertical distance between the center of the target and the position where the stylus touched the screen. We refer to these results as deviations from the targets, where a positive deviation represents a hit above the target location whereas a negative deviation represents a hit under the target location in the coordinate frame defined in Figure 1B.

Marker positions were interpolated for missing data and low pass filtered with 2nd order zero-phase lag Butterworth filter (10 Hz cut-off frequency). Trials with excessive missing data or data with clear outliers were manually removed from the kinematic analysis. Position data were used to calculate displacement in the x direction, the velocity profiles, maximum velocity, and relative time-to-peak-velocity (TPV) as a measure of movement asymmetry. Motion trajectories were plotted with normalized positions in the vertical direction and averaged positions in the horizontal direction.

EMG signals were band-pass filtered (zero phase lag, 2nd order Butterworth filter with cut-off frequencies of 20 and 350 Hz) and full-wave rectified. The envelope of the signal was extracted with a moving average window of 100 samples. Finally, the signals were normalized to the mean of the 1 g condition and integrated over time for each trial to express the magnitude of muscle activity (normalized iEMG).

All data processing and generation of data figures were performed in Matlab (Mathworks, Natick, MA, USA).


Statistical Analysis

To compare parameters across different conditions, we conducted a linear mixed models analysis with three gravitational conditions (1g, 0g, 2g) × two simulation conditions (real, simulated) × seven targets statistical design where the subjects were included as random effects. The analysis was conducted in R (R Core Team, 2020) with the nlme (Pinheiro et al., 2020) and multcomp (Hothorn et al., 2008) packages. We checked that the residuals of the fitted model were normally distributed. We performed all analyses separately for the upwards and downwards movements. We report only the main effects of gravity and simulation as well as the interaction effect of gravity × simulation. Post hoc tests with Bonferroni correction were conducted to determine significant differences between specific conditions. To specifically determine the effects of microgravity on task variables, we compared (1g–0g and 1g S–0g S) and also directly compared the parameters with simulated microgravity with actual microgravity on the plane (0g S–0g). The same comparisons were conducted for changes of movement parameters in hypergravity (1g–2g, 1g S–2g S, 2g S–2g). The final comparison included the two conditions of normogravity (1g S–1g). The level of statistical significance was set at 0.05. We adopted conventional statistical significance labels: * <0.05, ** <0.01, *** <0.001.





RESULTS

First, we present the results of the pointing accuracy which is the main task outcome. We then present movement kinematics. Starting with movement duration, velocity profiles, and maximum velocity, followed by the shape of the trajectories and relative time to peak velocity. Finally, we present the results of muscle activation during the different conditions.

The results for each parameter are structured in the same form where the results for downward movements are presented first followed by results for upward movements. For each direction, we first report the effects of gravity, simulation, and the interaction of gravity × simulation. Then, individual differences and results of post hoc tests are first presented for microgravity conditions (0g), followed by hypergravity (2g), and finally, we report if there were any differences between normogravity conditions (1g) during flight vs. the simulation trials. We do not report the effects of target positions, however as mentioned in subsection “Statistical Analysis”, the statistical analysis was performed taking into account the different target locations.


Task Outcome: Accuracy

To evaluate the accuracy of pointing, we looked at the location of hits on the screen with respect to the displayed targets, which we refer to as deviations from the targets. The absolute deviations of hits for each gravitational and simulation condition, averaged for all parabolas and targets, are shown in Figures 2A,D. Additionally, signed deviations of hits for each individual target are presented in Figures 2B,E for microgravity and simulated microgravity and in Figures 2C,F for hypergravity and simulated hypergravity conditions. Post hoc tests results are presented in Table 1.
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FIGURE 2. Absolute deviations of the pointing position averaged for all subjects and grouped per condition for upward movements (A) and downward movements (D). Signed deviations for every target in microgravity (B,E) and hypergravity (C,F) for upward and downward movements, respectively. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. *p < 0.05, **p < 0.01, ***p < 0.001.



TABLE 1. Post hoc analysis for signed deviations of hits.

[image: image]

For downward movements the statistical analysis showed no significant effects of simulation (F(1,278) = 3.52, p = 0.061), gravity (F(2,278) = 2.65, p = 0.071) or the interaction of gravity × simulation (F(2,278) = 1.40, p = 0.245). For the microgravity conditions, no comparisons were significantly different. Despite that, a similar trend is visible where the absolute deviation of hits is slightly higher in microgravity compared to normogravity for both in-flight and simulated conditions. The same effects were observed in hypergravity and simulated hypergravity, where there was a slight increase in the absolute deviations, however, this was not significant. The accuracy of downward movements in the simulated normogravity condition is better, however, this difference is not significant. For all gravitational conditions, we observed a trend in the signed deviations of hits for each target, where the deviations increase with the increased target distance.

For upward movements the statistical analysis showed a significant effect of gravity (F(2,278) = 53.34, p < 0.001), simulation (F(1,278) = 11.21, p < 0.001), and the interaction of gravity × simulation (F(2,278) = 18.49, p < 0.001). Interestingly, for upward movements in microgravity, there was no significant difference in the deviations from normogravity conditions. There was, however, a significant increase in deviations in the simulated microgravity condition in comparison with normogravity or microgravity (0g S–0g, 1g S–0g S). Also, while we observed both positive and negative deviations of hits in normogravity and microgravity, the same was not true for the simulated microgravity where the subjects on average hit above all of the targets (only positive deviations). Concerning hypergravity conditions, the absolute deviations increased significantly compared to normogravity (1g–2g) whereas this was not the case for the simulated hypergravity, where there was only a small increase in the absolute deviations. We also noted marginally higher deviations in the simulated normogravity conditions compared to normogravity (1g S–1g).



Motion Kinematics


Duration of Movements

The durations of movements for each gravitational and simulation condition averaged for all parabolas and targets are shown in Figure 3, whereas post hoc tests results are presented in Table 2.
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FIGURE 3. Movement durations in different gravitational and simulation conditions. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. *p < 0.05, ***p < 0.001.



TABLE 2. Post hoc analysis for movement duration.

[image: image]

For downward movements the statistical analysis showed a significant effect of gravity (F(2,278) = 18.83, p < 0.001), simulation (F(1,278) = 19.15, p < 0.001) and the interaction of gravity × simulation (F(2,278) = 9.52, p = 0.001). Concerning microgravity conditions, post hoc tests revealed that for downward movements there was a significant increase in movement duration compared to normogravity only in the simulated trials (1g S–0g S). The movement durations during real and simulated microgravity (0g–0g S) were not significantly different. Also for hypergravity conditions, there was no significant difference between real and simulated conditions. However, a significant decrease in movement duration was observed during flight (1g–2g) but not during the simulation. Interestingly, movement durations were significantly shorter in the simulated normogravity trials compared to those during flight (1g S–1g).

For upward movements the statistical analysis showed a significant effect of gravity (F(2,278) = 109.28, p < 0.001) and the interaction of gravity × simulation (F(2,278) = 3.71, p = 0.026), but not simulation alone (F(1,278) = 2.00, p = 0.158). Post hoc tests revealed that movement duration in microgravity increased significantly both during flight (1g–0g) and in simulation (1g S–0g S). Movement duration during real microgravity did not significantly differ from the simulated condition (0g S–0g). Movement duration during hypergravity was significantly lower compared to normogravity only in the real condition (1g–2g). No statistical difference was found when comparing both normogravity conditions (1g–1g S).



Velocity Profiles and Maximum Velocity

Figure 4 shows the mean velocity profiles for all gravitational and simulation conditions normalized for target distance in the y direction. Here we can see that the shape of velocity profiles remained constant throughout the various gravitational conditions, i.e., the peaks did not shift, which we had already evaluated when analyzing the TPV parameter. However, we observed a change in the magnitude of the velocity profiles especially for the upward movements where the maximum velocities increased in hypergravity conditions. In order to more clearly illustrate these changes, we present the maximum velocities for each gravitational and simulation condition, averaged for all parabolas and targets in Figure 5. Post hoc tests results are presented in Table 3.
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FIGURE 4. Mean velocity profiles for downward and upward movements in all conditions. Solid lines represent the conditions during flight (1g, 0g, 2g) whereas dashed lines represent the simulated conditions (1g S, 0g S, 2g S). Green represents normogravity, blue represents microgravity and red represents hypergravity conditions.




[image: image]

FIGURE 5. Maximum velocities. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. *p < 0.05, **p < 0.01, ***p < 0.001.



TABLE 3. Post hoc analysis for maximum velocity.
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Statistical analysis for downward movements showed a significant main effect of simulation (F(1,278) = 15.69, p < 0.001) as well as the interaction of gravity × simulation (F(2,278) = 6.68, p = 0.002), whereas there was no significant main effect of gravity (F(2,278) = 2.12, p = 0.122). In microgravity conditions, the maximum velocity was significantly lower only in the simulated condition. However, there was no significant difference between the actual and simulated microgravity conditions (0g S–0g). In contrast, the maximum velocity in simulated hypergravity was higher compared with the real hypergravity condition (2g S–2g). Similarly, the maximum velocity in normogravity conditions was higher in the simulated trials compared to those during flight (1g S–1g).

For upward movements, analyzing the maximum velocity revealed a significant main effect of gravity (F(2,278) = 54.85, p < 0.001). No significant effects of simulation (F(1,278) = 0.54, p = 0.462) or interaction of gravity × simulation (F(2,278) = 1.24, p = 0.292) were found. Concerning microgravity conditions, the maximum velocity was significantly lower than in normogravity both in flight and on the ground (1g–0g, 1g S–0g S). There was no significant difference between simulated and real microgravity conditions (0g S–0g). For hypergravity conditions, the maximum velocity increased in both real and simulated conditions (1g–2g, 1g S–2g S) and there was no difference between the two hypergravity conditions (2g S–2g). The maximum velocity in simulated normogravity was higher than in-flight, however, this difference was not statistically significant (1g S–1g).



Shape of Trajectories

Figure 6 shows the mean trajectories for all gravitational and simulation conditions normalized for target distance in the y direction. Here we can observe an increased displacement in the x direction in microgravity for upward movements, whereas for the downward movements we can see a decreased displacement in the x direction both in microgravity and hypergravity.
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FIGURE 6. Mean trajectories normalized for target distance for different gravitational and simulation conditions. Left: normogravity and microgravity conditions, Right: normogravity and hypergravity conditions. All trajectories start at the coordinate (0, 0) and end at either (0, 100) for upward movements or (0, −100) for downward movements. Solid lines represent the conditions during flight (1g, 0g, 2g) whereas dashed lines represent the simulated conditions (1g S, 0g S, 2g S). Green represents normogravity, blue represents microgravity and red represents hypergravity conditions.



In order to more clearly compare the differences between conditions, we present the maximum normalized displacements in x direction for each gravitational and simulation condition, averaged for all parabolas and targets, in Figure 7. The post hoc tests results for the maximum displacements in x direction are presented in Table 4.
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FIGURE 7. Maximum displacement in the x direction. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. *p < 0.05, **p < 0.01, ***p < 0.001.



TABLE 4. Post hoc analysis for maximum displacement in the x direction.
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For downward movements, the statistical analysis showed a significant effect of gravity (F(2,278) = 64.02, p < 0.001), simulation (F(1,278) = 55.62, p < 0.001) and the interaction of gravity × simulation (F(2,278) = 4.95, p = 0.008). In microgravity conditions, post hoc tests revealed that for downward movements there was a significant decrease in maximum x displacement for both the real and simulated trials (1g–0g, 1g S–0g S). The comparison of real and simulated microgravity conditions was not significantly different (0g S–0g), albeit with a p-value of 0.05. For hypergravity conditions, the maximum x displacement was lower than in normogravity for both real and simulated conditions (1g–2g, 1g S– 2g S). At the same time, the displacement was significantly lower in the simulated hypergravity compared with the in-flight condition (2g S–2g). Similarly, as with what we observed with the movement duration, the maximum x displacement in normogravity was lower in the simulated trials compared to those in-flight (1g S–1g).

For upward movements the statistical analysis showed a significant effect of gravity (F(2,278) = 29.90, p < 0.001), simulation (F(1,278) = 90.97, p < 0.001) and the interaction of gravity × simulation (F(2,278) = 16.16, p < 0.001). Post hoc tests for microgravity conditions revealed that the maximum x displacement increased significantly only during flight (1g–0g). The maximum x displacement in the simulated microgravity appears to be unchanged from normogravity. This is also reflected in a significant difference between the real and simulated 0g condition (0g S–0g). Maximum x displacement during hypergravity or simulated hypergravity was not significantly different compared to normogravity. However, a significant difference between real and simulated hypergravity (2g S–2g) conditions was observed. No statistical difference was found when comparing both normogravity conditions for the upward movements.



Movement Asymmetry: Relative Time to Peak Velocity (TPV)

As a measure of the asymmetry of movement, we calculated the normalized TPV. The TPV for each gravitational and simulation condition averaged for all parabolas and targets, are shown in Figure 8, whereas post hoc tests results are presented in Table 5.
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FIGURE 8. Values of the TPV parameter for different gravitational and simulation conditions. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. ***p < 0.001.



TABLE 5. Post hoc analysis for TPV.
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For downward movements the statistical analysis showed a significant effect of simulation (F(1,278) = 20.16, p < 0.001), whereas the effect of gravity and the interaction of gravity × simulation were not significant (F(2,278) = 2.30, p = 0.102) and (F(2,278) = 2.31, p = 0.101) respectively. Concerning microgravity conditions, post hoc tests revealed no significant differences between conditions. For hypergravity conditions, TPV significantly decreased in the simulated condition (2g S–2g). No changes were observed between normogravity conditions.

For upward movements the statistical analysis showed no significant effects of gravity (F(2,278) = 0.09, p = 0.912) and simulation (F(1,278) = 0.04, p = 0.839), but it did reveal a significant interaction effect of gravity × simulation (F(2,278) = 3.12, p = 0.046) although the p-value was barely significant. The results of post hoc tests for the upward movements reflect the absence of significant effects.


Muscle Activity

The normalized iEMG of all muscles, for each gravitational and simulation condition, averaged for all parabolas and targets, are presented in Figure 9. The mean values for downward movements are denoted with downward- pointing triangles and mean values of upward movements are denoted with upward-pointing triangles.
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FIGURE 9. Normalized integrated EMG for the Trapezius, Pectoralis, Anterior Deltoid, and Posterior Deltoid for all conditions. Downward-pointing triangles denote mean values for downward movements, upward-pointing triangles denote mean values for upward movements, the whiskers denote the standard error of the mean. Green represents normogravity, blue represents microgravity and red represents hypergravity conditions, (1g, 0g, 2g) denote in-flight gravitational conditions, (1g S, 0g S, 2g S) denote simulated gravitational conditions. *p < 0.05, **p < 0.01, ***p < 0.001.



The ANOVA revealed a significant main effect of gravity for downward movements for the Trapezius (F(2,246) = 152.99, p < 0.001), Pectoralis (F(2,246) = 12.60, p < 0.001), Anterior Deltoid (F(2,246) = 535.16, p < 0.001), and Posterior Deltoid (F(2,246) = 185.83, p < 0.001). A significant effect of simulation was found only for the Pectoralis (F(1,246) = 43.33, p < 0.001), Anterior Deltoid (F(1,246) = 24.66, p < 0.001) and Posterior Deltoid (F(1,246) = 16.78, p < 0.001) while there was no effect at the Trapezius muscle (F(1,246) = 0.54, p = 0.461). Most importantly, there was a significant interaction effect of gravity × simulation for the Trapezius (F(2,246) = 4.55, p = 0.011), Anterior Deltoid (F(2,246) = 11.13, p < 0.001) and Posterior Deltoid (F(2,246) = 9.93, p < 0.001), while there was no significant effect at the Pectoralis muscle (F(2,246) = 0.31, p = 0.730). Post hoc test results of the different conditions are presented in Table 6.

TABLE 6. Post hoc analysis for iEMG.
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For the upward direction, the effects were exactly the same. We found a significant main effect of gravity for the Trapezius (F(2,244) = 274.77, p < 0.001), Pectoralis (F(2,244) = 21.48, p < 0.001), Anterior Deltoid (F(2,244) = 712.69, p < 0.001) and Posterior Deltoid (F(2,244) = 340.82, p < 0.001). A significant effect of simulations was found for the Pectoralis (F(1,244) = 44.55, p < 0.001), Anterior (F(1,244) = 38.41, p < 0.001) and Posterior Deltoid (F(1,244) = 17.35, p < 0.001), but not the Trapezius (F(1,244) = 0.03, p = 0.851). Analogous to the downward direction there was a significant interaction of gravity × simulation for the Trapezius (F(2,244) = 6.83, p = 0.001), Anterior Deltoid (F(2,244) = 20.02, p < 0.001) and Posterior Deltoid (F(2,244) = 11.87, p < 0.001), while there was no significant effect at the Pectoralis muscle (F(2,244) = 0.49, p = 0.609). Post hoc test results of the different conditions are presented in Table 6.

For both directions and for all muscles we observed a decrease in muscle activity in both the real and simulated microgravity conditions compared to normogravity, whereas in the real and simulated hypergravity conditions we observed an increase in muscle activity compared to normogravity conditions.






DISCUSSION

During the parabolic flights, the subjects experienced changes in gravitational conditions that affected their whole body including the vestibular system. The forces exerted on the limbs of the individuals were continuous and acted on the entirety of the limb. Additionally, the stylus that the subjects were manipulating in order to perform the task was also subjected to these gravitational changes. On the other hand, in the trials on the ground, the subjects experienced only a locally applied force on the wrist that simulated the same torque in the shoulder joint the subjects experienced during microgravity and hypergravity during flight. Comparing these two conditions, we aimed to answer our main question. Can we elicit the same changes in movement parameters only with simulating local gravity conditions on the arm compared to full body micro- and hypergravity conditions?


Effects on the Task Outcome

Looking at the task outcome, we noted a trend of increased hit deviations (reduced accuracy) in microgravity and hypergravity for upward and downward movements both in-flight and in simulation. This is in line with other studies which observed a decreased accuracy in these conditions (Bock et al., 1992; Fisk et al., 1993; Bringoux et al., 2012). However, these changes in deviations were only significant for the upward movements. We could not mimic the changes in hypergravity with our simulation, the subjects seemed to be better able to compensate for the force exerted on the wrist than when dealing with full-body hypergravity conditions. At first glance, we saw an increase in the absolute hit deviations in the simulated microgravity which coincided with the increased deviations observed in microgravity. However, the inspection of the signed deviations per target (Figure 2B) revealed that the simulated microgravity condition affected the accuracy of subjects in a different way. Namely, in the 0g S condition, subjects overshot all of the targets whereas in microgravity, as well as in both normogravity conditions, the targets further away from the starting position (4–7) were mostly undershot. This shows, that the subjects were better able to adapt to microgravity conditions during a flight than in our simulation setup. Since the setup could not provide an adequate representation of microgravity conditions, namely the vestibular system and manipulated object were unaffected, it is probable that this resulted in some sort of sensory conflict that prevented the subjects to complete the task in the same way as in normogravity.



Effects on Movement Kinematics

Our analysis of the movement kinematics parameters showed that (compared to normogravity) the duration of movements increased in microgravity (0g and 0g S) for both upward and downward movements. The only exception being the downward movements in-flight (0g) where the increase in movement duration was not significant. On the other hand, the movement durations were lower in hypergravity in-flight for both directions of movement, but there was no change in movement duration in the simulation trials. These results are mostly consistent with other studies, where they also noted an increase of movement duration in microgravity and a decrease in hypergravity (Bock et al., 1996; Papaxanthis et al., 2005; Macaluso et al., 2016). Interestingly, movement durations for downward movements were shorter in the simulated normogravity trials compared to those during flight (1g S vs. 1g). Regarding the shape of the trajectories, we found an increased displacement in the x direction only in microgravity for the upward movements in-flight while there was no change during simulation. This could be explained by the fact that during flight the whole environment was isotropous which meant that subjects had to more actively refrain from moving sideways. In contrast, for the downward movements, we observed a decrease in displacement in the x direction in both microgravity and hypergravity in-flight and in the simulated trials. Compared to the upward movements, the task stability may have improved when performing downward movements which decreased the displacement in the x direction.



Changes in Velocity Profiles

The shape of the velocity profiles did not vary across different gravitational or simulation conditions which we showed with the analysis of the TPV parameter. However, we did note some changes in the maximum velocities. Namely, the maximum velocity was lower in microgravity and higher in hypergravity for the upward movements both in-flight and in simulation. For the downward movements, however, there were no differences in flight, but in simulation, the maximum velocity was lower for the 0g S condition. Additionally, we observed that the TPV parameter remained largely unaffected by the different gravitational conditions both in-flight and in simulation. However, we noted a lower TPV in the simulated hypergravity compared to the in-flight hypergravity (2g S vs. 2g).



Changes in Muscle Activity

The analysis of muscle activity showed, that the Pectoralis muscle was the least affected by gravitational conditions both in flight and during simulation. This is probably because it acts primarily perpendicular to the gravitational vector. However, we still noted a significant decrease of activity in microgravity in-flight (0g). For all other muscles we observed the same results, where for both directions, the muscle activity was significantly increased in real and simulated hypergravity conditions and lowered in the microgravity conditions. This is comparable with other studies with pointing tasks performed on parabolic flights (Chen et al., 1999), where EMG activity increased in hypergravity and decreased in microgravity. Our results, therefore, show, that the simulations of gravitational environments with our system were quite good from an action point of view.



Could On-Ground Training With Simulated Gravitational Conditions be Beneficial?

Apart from the trajectory shape, the locally simulated microgravity and hypergravity conditions of the limb appear to have a similar effect on the kinematic parameters analyzed. That is, increased movement durations in microgravity, decreased maximum velocities in microgravity, and increased in hypergravity as well as an unaffected asymmetry of movement. Additionally, the muscle activity was lower in microgravity and higher in hypergravity conditions. This indicates that training in normogravity conditions with only locally simulated microgravity or hypergravity could be beneficial for training arm reaching movements in microgravity and hypergravity (Papaxanthis et al., 1998). The discrepancy between the changes in the maximal x displacement and movement durations could potentially stem from the fact that our active support system had contact only at the wrist. Such a simulation of microgravity did not have the full effect as during the parabolic flight, it did however elicit similar responses when looking at the duration of movements. This also demonstrates that proprioceptive feedback provides a lot of relevant information to control kinematics. Perhaps analyzing the impact of an exoskeleton device with a distributed whole limb gravity compensation would be interesting. A distributed unloading of the arm could potentially provide better feedback to the subjects and hence provide a better environment for training movements in microgravity and hypergravity.

In Bringoux et al. (2012) they observed reduced accuracy of subjects in both microgravity and hypergravity conditions. In microgravity, their accuracy was restored to normal when they applied a gravity-like torque before and during the movements performed. Their results suggest that arm motor planning and control are tuned with respect to gravitational information issued from joint torque. Similar conclusions were found by Rousseau et al. (2016), where they showed that information coming from the initial state of the sensorimotor system is determinant to planning movements in the gravity field. However, in these studies, the subjects were not manipulating any object with their hand as was the case in our experiment. During the microgravity condition, the subjects did not feel any weight at the stylus while maintaining the position at the starting position. The motor system is likely to interpret this as the absence of mass and resultantly reduces the motor command for the movements. However, the motor command to accelerate the stylus should remain unchanged because the mass is not changed, slowing the movement and increasing the movement duration. In our simulated microgravity conditions, the object manipulated was still affected by gravity thereby creating a sensory conflict in the estimation of the arm and object dynamics. While we still observed similar changes in 0g and 0g S (e.g., increases movement duration), the analysis of the deviations of target hits revealed that the subjects consistently overshot the targets, which resulted in a worse performance in the simulated microgravity (0g S) compared to the microgravity (0g) condition. Notably, our observed changes in movement duration and maximum velocity in the simulated microgravity conditions are in contrast with some other studies that analyzed changes in kinematic features of arm movements in normogravity with weight support systems (Prange et al., 2009; Coscia et al., 2014), where such changes were not present. However, in these studies, movements were not limited to vertical arm movements which might be the cause of the differences in the observed results. Similarly, in a parabolic flight study where subjects performed pointing movements predominantly in the horizontal direction no significant differences between gravitational conditions were observed for movement duration and accuracy of pointing (Artiles et al., 2018).

Overall, we showed that locally simulated gravity alterations can elicit similar changes in movement characteristics for arm reaching movements and could potentially be used as a means of training individuals prior to undertaking tasks in changed gravitational conditions.
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The aim of this work was to study the sensitivity of the visual system in 5-day “dry” immersion with a course of high-frequency electromyostimulation (HFEMS) and without it. “Dry” immersion (DI) is one of the most effective models of microgravity. DI reproduces three basic effects of weightlessness: physical inactivity, support withdrawal and elimination of the vertical vascular gradient. The “dry” immersion included in the use of special waterproof and highly elastic fabric on of immersion in a liquid similar in density to the tissues of the human body. The sensitivity of the visual system was assessed by measuring contrast sensitivity and magnitude of the Müller-Lyer illusion. The visual contrast sensitivity was measured in the spatial frequency range from 0.4 to 10.0 cycles/degree. The strength of visual illusion was assessed by means of motor response using “tracking.” Measurements were carried out before the start of immersion, on the 1st, 3rd, 5th days of DI, and after its completion. Under conditions of “dry” immersion without HFEMS, upon the transition from gravity to microgravity conditions (BG and DI1) we observed significant differences in contrast sensitivity in the low spatial frequency range, whereas in the experiment with HFEMS—in the medium spatial frequency range. In the experiment without HFEMS, the Müller-Lyer illusion in microgravity conditions was absent, while in the experiment using HFEMS it was significantly above zero at all stages. Thus, we obtained only limited evidence in favor of the hypothesis of a possible compensating effect of HFEMS on changes in visual sensitivity upon the transition from gravity to microgravity conditions and vice versa. The study is a pilot and requires further research on the effect of HFEMS on visual sensitivity.
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INTRODUCTION

Understanding how the brain adapts to space flight conditions is essential for missions planning. More than half of cosmonauts returning from long flights have structural and/or functional changes in the brain accompanied by a decrease in sensorimotor characteristics and visual acuity (McIntyre and Lipshits, 2008; Grabherr and Mast, 2010; Basner et al., 2021). The ophthalmic problems developing in cosmonauts are called neuroocular syndrome associated with space flight (Laurie et al., 2019; Marshall-Goebel et al., 2019; Roberts et al., 2020; Stahn et al., 2020; Basner et al., 2021). One of the main factors affecting its development is microgravity. A decrease in gravity leads to a distortion of the gravitational vertical used by the brain to build a frame of reference and orientation in space, static and dynamic illusions, errors in assessment of the location of an object and manipulations with it (delays in the visual capture of operatively significant targets), and tracking a moving object.

“Dry” immersion (DI) is one of the most effective models of microgravity. DI reproduces three basic effects of weightlessness: physical inactivity, support withdrawal and elimination of the vertical vascular gradient (Tomilovskaya et al., 2019). The method of “dry” immersion was developed at the Institute of Biomedical Problems (Russia) in 1970s (Shulzhenko, 1975; Shulzhenko and Vill-Villiams, 1975, 1976). The main advantage of “dry” immersion included in the use of special waterproof and highly elastic fabric on of immersion in a liquid similar in density to the tissues of the human body.

The results of psychophysical studies with registration of the contrast sensitivity of the visual system using the model of “dry” immersion (DI) for simulation of the physiological effects of microgravity (Tomilovskaya et al., 2019) indicate a restructuring of the interaction of the magno- and parvocellular neuronal systems (Shoshina I. I. et al., 2020) which form, respectively, the dorsal and ventral pathways of information from the occipital to the frontal lobes of the cerebral cortex (Merigan and Maunsell, 1993; Nassi and Callaway, 2009). The interaction of these systems ensures the integrity of perception (Milner, 2017). Changing gravity conditions (gravity-microgravity-gravity) have been found to lead to an increase in contrast sensitivity in the range of low spatial frequencies (Shoshina I. I. et al., 2020), for the perception of which the magnocellular system is mainly responsible. This suggests that the magnocellular system plays a role in the processes of adaptation to changing environmental conditions; thus, it may be possible to use an assessment of its state as a marker of adaptation, which is important in preparing flight participants to a change in gravitational conditions when landing on the Moon or other objects.

The characteristics of neurons in the magno- and parvocellular systems determine the specific features of information perception (spatial-frequency filtering at the input) and high-level cognitive processes, in particular the tendency to visual illusions (Shoshina and Shelepin, 2016). According to the hypothesis of Milner and Goodale (1995) and Foley (2019), the strength of illusions decreases when the dorsal pathway is activated during the execution of a motor task, such as gripping. Based on the data on an increase in the visual contrast sensitivity in the range of low spatial frequencies and, accordingly, on the activation of the predominantly dorsal pathway upon a change in gravity conditions, we can assume the following. Upon the transition to microgravity conditions and vice versa, there will be a change in the strength of those illusions, the mechanisms of emergence of which are associated with filtering of low spatial frequencies, for example, the Müller-Lyer illusion (Ginsburg and Evans, 1979).

Understanding the nature of the observed changes, developing methods for their compensation and criteria for selecting mission participants, appropriate pre-flight preparation will minimize the risks associated with illusions of perception and spatial disorientation in microgravity conditions.

High-frequency electromyostimulation (HFEMS) is one of the means of ensuring the safety of the speed-strength qualities of muscles and work capacity of cosmonauts (Koryak et al., 2015; Kozlovskaya et al., 2016). Its effect on the motor system has been well studied, while its effects on other body systems have been studied to a lesser extent. The aim of this work was to study the sensitivity of the visual system in 5-day “dry” immersion with a course of HFEMS and without HFEMS. The hypothesis of the current study was that the use of HFEMS may be able to compensate for the effects of microgravity on visual sensitivity.



MATERIALS AND METHODS


Participants

In this article, we present data from two studies. The first study is the dry immersion with no additional influences; the data from this study serve as a control. The second study is the “dry” immersion with HFEMS; the data from this study are presented as experimental. Each study involved 6 subjects. The average age of subjects in DI without additional influences (control) was 33.0 ± 1.5 years. In the study with HFEMS, it was 35.5 ± 1.7 years. The studies were carried out under the same conditions.

All volunteers were right-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). All studies were non-invasive and did not cause discomfort during the tests. The equipment complies with safety standards.



General Methods

Each volunteer was in DI conditions for 5 days: he was immersed in a bath 200 × 100 × 100 cm in size filled with water, the temperature of which was maintained at 33.0 ± 0.5°C. The surface of the water was covered with a freely floating waterproof fabric, the area of which was more than 2 times the area of the water surface. Thus, the test subject while being immersed in the water was isolated from direct contact with it (Figure 1A).


[image: image]

FIGURE 1. Conditions of “dry” immersion experiment. (A) The demonstration of conditions in the DI experiment to assess the contrast sensitivity. (B) A scheme of electrode positioning for the HFEMS.


A test subject was immersed into a deep bath up to the neck level, in a supine position. The folds of the waterproof fabric allowed the person’s body to be enveloped from all sides freely. The high elasticity properties of the fabric artificially created conditions similar to zero gravity via flotation. The detailed description of the Dry Immersion model and its effects on the human body can be found in the review (Tomilovskaya et al., 2019).

The daily routine was specified in accordance with the schedule of studies, including 8 h of sleep, 3–4 meals, a medical supervision program and experimental studies. The research participants were taken out of DI for 15–20 min each day for sanitary and hygienic procedures (mostly in supine position) with the usage of a special lift rising from the bottom of the bath. The subjects keyed almost immobile: they had the opportunity to move, but they had the strong recommendations to limit their motor activity, and that was controlled by the researchers. The visual environment for the participants was common - the light from windows and from artificial lights, darkness during the night. The subjects could also use their computers and smartphones, to read the books during their free time in the course of exposure.

Testing procedure was as follows: 24 h before the start of DI (background—BG), then on the 1st, 3rd, and 5th days of DI (DI1, DI3 and DI5, respectively) and 5 h after the completion of DI (DI5 + 5h). According to the data of previous studies, the restoration of sensorimotor functions occurs within the first 24 h after the completion of DI, therefore the last study was carried out 5 h after the completion of the immersion. The BG stage of the study was carried out in a filled bath, in a supine position (Sosnina et al., 2021). The study in DI was carried out in the morning, after breakfast and all necessary hygienic procedures.



High-Frequency Electromyostimulation

HFEMS was performed using an Amplidin-EST stimulator which is a source of alternating sinusoidal current with a carrier frequency of 2,000 Hz, interrupted by rectangular pulses with a frequency of 50 Hz (full modulation amplitude) and a duration of 10 s. Stimulation training of the quadriceps femoris muscle (QFM), triceps surae muscle (TSM) and tibialis anterior muscle (TAM) was carried out on two limbs of the subject by the direct bipolar electrical stimulation of the muscles according to the method of Kots and Khvilon (1971) and Koryak (2018), but in isotonic mode of muscle contractions in supine position. The angle in the knee joint was 180°, in the ankle joint—about 130°. Physiotherapeutic conductive rectangular electrodes (40 × 100 mm—for TAM, 45 × 200 mm and 40 × 160 mm—for QFM, and 40 × 160 mm and 40 × 100 mm—for TSM) were placed over the entire width of the stimulated muscle (Figure 1B). Each subject was familiarized with the HFEMS procedure before the start of the DI. Familiarization procedure was exactly the same as the experimental sessions. During familiarization sessions the comfortable intensity of stimuli for each muscle was defined. HFEMS was performed by applying rectangular rhythmic pulses at a frequency of 50 Hz; in addition, each pulse, the duration of which was 10 ms, was “filled” with a carrier sound frequency of 2,500 Hz. The stimulation amplitude ranged from 4.3 to 19.0 V. The subjects got the HFEMS in the course of DI, but not inside the bath. For safety reasons, the stimulation was performed outside the immersion bath, on a half-deflated air mattress to maintain support unloading conditions. The stimulation procedures were carried out every day in DI for 20 min a day [10 stimulations × (10 s + 50 s) = 10 min].

The sensitivity of the visual system was assessed by measuring contrast sensitivity and magnitude of the Müller-Lyer illusion.



Visual Contrast Task

The contrast sensitivity of the visual system was registered in the ranges of low, medium, and high spatial frequencies. The neurons of the magnocellular system are more specific to the perception of low spatial frequencies, while the neurons of the parvocellular system—to high spatial frequencies (Merigan and Maunsell, 1993; Nassi and Callaway, 2009). Since the medium spatial frequencies are processed by the neurons of both systems, we considered the contrast sensitivity in this range of spatial frequencies as a measure of the incongruity of their interaction.

The contrast sensitivity was registered upon presentation of Gabor elements with spatial frequencies of 0.4, 0.8, 1.0, 3.0, 6.0, and 10.0 cycles/degree on the screen of a Toshiba Satellite A200-1M8 monitor (Intel® Core2™ Duo Processor T7100 1.8 GHz/1 GB, 15.4” display, TFT WXGA high brightness active matrix (Toshiba TruBrite), 1,024 × 600 pixel resolution, 60 Hz refresh rate). When analyzing the data, the frequencies of 0.4 and 0.8 cycles/degree were attributed to the range of low spatial frequencies, 1.0 and 3.0 cycles/degree—to the range of medium frequencies, 6.0 and 10.0 cycles/degree—to the range of high frequencies. Stimuli were displayed in random order to the left or to the right of the center of the screen (Figure 2A). The subject’s task was to click on the right mouse button if he sees an image on the right, and the left button, if on the left. The choice had to be made even when the subject was not sure if he saw the test image.


[image: image]

FIGURE 2. Examples of images in the DI experiment. (A) Examples of images of Gabor elements presented in the study to assess the contrast sensitivity in different ranges of spatial frequencies. (B) The Müller-Lyer illusion (1, 2, 3, 4—the direction of movement of the finger along the segments of the Müller-Lyer figure).


To present the Gabor elements and assess the contrast sensitivity, we used a computer program that makes it possible to create test images on a monitor of any type without preliminary calibration. To render the brightness profile of the test images, it uses variations in the density of white points randomly positioned on a black background rather than shades of gray color.

The duration of the stimulus was not limited. Threshold contrast measurement is implemented in the program using the adaptive staircase procedure. The presentation of stimuli was started with a contrast of 0.5. If the subject thrice gave the correct answer in which half of the screen the image was displayed, the program reduced the contrast by 20%. If even one mistake was made, the contrast was increased by 20%. Then this cycle was repeated with a contrast change increment of 20%. As a result, the contrast of the test image gradually decreased to the threshold level at which the probability of making a mistake was 0.5. The measurements were ended when the contrast value made a predetermined number of such oscillations—“reversals.” The number of reversals for each test spatial frequency was 8. The threshold was calculated programmatically as the average value of contrasts at the points of “reversals.” The threshold was taken as the contrast value at which the subject gave the correct answer with a probability of P = 0.794 (since the probability of three correct answers in a row is P × P × P = 0.5, then [image: image] ≈ 0.794).

To standardize the conditions for the observation of the stimuli, the immersion bath with a monitor mounted on it was covered with a dense black cloth that did not allow sunlight to pass through (Figure 1). The monitor was positioned at a distance of 1.5 m from the subject so that his eyes were directed approximately into the center of the screen. The test subject was in a reclining position with a pillow under head. The observation was binocular. The visual acuity of all volunteers was within the normal range.



Müller-Lyer Illusion Task

The strength of the Müller-Lyer illusion was determined by presenting two types of images, each of which contained two horizontal segments that the subject had to compare with each other. The first type of images consisted of “neutral” segments of equal length that did not cause illusions (control stimulus). In the second type of images, the upper segment was framed by “arrow tails,” and the lower one—by “arrow points”—a variant of the Müller-Lyer illusion (Figure 2B). For each type of stimulus, segments of five lengths were used: 4.0, 5.5, 7.0, 8.5, and 10.0 cm. The lengths of segments in a pair were changed from trial to trial in random order. The task of the subject consisted in the sensorimotor assessment of the lengths of the segments with the leading hand.

When an image was presented, the test subject moved the index finger of the leading hand from left to right along the upper and lower central segments (first along the upper segment, then along the lower segment) that he saw in front of him. We used 6 images: 2 types of stimuli (neutral segments, Müller-Lyer illusion) with 3 pairs of segments each. For each type of stimulus, the program randomly selected 3 pairs of segments of different lengths from the above set of lengths (both segments in a pair had the same length, but the lengths of pairs of segments between individual trials were different). First, three pairs of neutral segments were presented, then three pairs of segments framed by arrow points causing the Müller-Lyer illusion.

The stimuli in this study were presented on an Iiyama Prolite T2252MTS touchscreen monitor (Japan) with the size of the visible area of 476.4 × 268.11 mm, resolution—1,920 × 800 pixels, γ—2.2, white color temperature—6,500 K, illumination during touching—200 cd/m2. The reclining subject with a pillow under head was positioned 60 cm from the monitor screen. On the touchscreen monitor, the program determined the coordinates of the pixels in which the subject touched the leftmost and rightmost points of the central segments, i.e., the starting and ending points of hand movements along the segments. On the basis of these coordinates, the lengths of the segments were calculated as the Euclidean distance between the starting and ending points of the hand movement; the relative strength of illusions was calculated as the difference in the lengths of the segments indicated by the subject divided by the real length of the segments. The strength of the illusion was considered positive if the subject overestimated the upper segment, and negative if he overestimated the lower segment.



Methods of Statistical Analysis

All data are presented as mean ± SEM. The significance of differences in contrast sensitivity was assessed using the two-way ANOVA, mixed ANOVA and non-parametric Mann-Whitney test. The two-way ANOVA was used to analyze the effects of different factors in experimental conditions: Day (BG, DI1, DI3, DI5, DI5 + 5h) and Freq (Low, Medium, High), followed by a post hoc comparison using LSD. Statistical analysis using the mixed ANOVA included factors: Day (BG, DI1, DI3, DI5, DI5 + 5h), Freq (Low, Medium, High) and Group [Experimental (with HFEMS)/Control (without HFEMS)], followed by a post hoc comparison using LSD. The significance of differences in the strength of illusion was assessed using the mixed ANOVA. Statistical analysis was performed for the averaged data from three trials for the following factors: Stimulus [NO (neutral)/ML (Müller-Lyer illusion), Day (BG, DI1, DI3, DI5, DI5 + 5h) and Group (Experimental/Control)]. P < 0.05 was considered statistically significant. Data analysis was carried out with the SPSS Inc. software.




RESULTS

The results of measurements of contrast sensitivity in different ranges of spatial frequencies are shown in Figure 3. During study without using the HFEMS, the background (BG) values of contrast sensitivity in the range of low spatial frequencies were 9.46 ± 0.57, medium frequencies –11.32 ± 1.13, high frequencies–4.09 ± 0.90 (Figure 3A). On the 1st day of exposure to DI (DI1), the contrast sensitivity was in the range of low spatial frequencies 12.23 ± 1.36, medium—12.06 ± 1.19, high frequencies–4.45 ± 0.70. On the 3rd day of DI (DI3), the contrast sensitivity in the range of low spatial frequencies was 10.92 ± 2.45, medium frequencies–10.3 ± 0.92, high frequencies–4.34 ± 0.70. On the 5th day of DI (DI5), the contrast sensitivity was 9.97 ± 1.16, 11.48 ± 1.52, and 4.60 ± 0.97, respectively. After the completion of immersion, the contrast sensitivity in the range of low spatial frequencies was 12.82 ± 1.92, medium–13.57 ± 0.63 and in the range high frequencies–5.27 ± 0.99.
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FIGURE 3. The contrast sensitivity of the visual system in the DI with HFEMS (white bars) and without HFEMS (black bars). (A) The contrast sensitivity in the range of low spatial frequencies. (B) The contrast sensitivity in the range of medium frequencies. (C) The contrast sensitivity in the range of high frequencies. The ordinate shows contrast sensitivity, the inverse of the contrast threshold. All data are presented as mean ± standard error.


Statistical analysis using the two-way ANOVA (Repeated Measures) for DI without HFEMS showed that the main influence was exerted by the factors Day (stage) [F(4, 20) = 4.73, p = 0.008, η2 = 0.486] and Spatial Frequency [F(2, 10) = 40, p < 0.001, η2 = 0.889]. Pairwise Comparisons showed a significant increase in contrast sensitivity in the range of low spatial frequencies upon the transition from gravity to microgravity conditions (between BG and DI1, p = 0.03). The differences in contrast sensitivity between BG and DI5 + 5 h were at the tendency level (p = 0.08), as well as between DI5 and DI5 + 5 h (p = 0.08). Statistical analysis using the Mann-Whitney test confirmed the significance of differences in contrast sensitivity in the range of low spatial frequencies upon the transition from gravity to microgravity conditions (Z = –2.01, p = 0.03, df = 10), the tendency to differences between BG and DI5 + 5 h (Z = –1.76, p = 0.08) and between DI5 and DI5 + 5 h after the completion of immersion (p = 0.08).

During study with HFEMS, the background (BG) values of contrast sensitivity in the range of low spatial frequencies were 12.35 ± 1.34, medium frequencies–13.22 ± 1.16, high frequencies—3.78 ± 0.46 (Figure 3B). On the 1st day of exposure to DI (DI1), the contrast sensitivity was in the range of low spatial frequencies: 15.45 ± 3.49, 10.16 ± 0.81 and 3.82 ± 0.55, respectively. On the 3rd day of DI (DI3), the contrast sensitivity in the range of low spatial frequencies was 12.43 ± 1.79, medium–12.64 ± 2.52, and in the range high frequencies–3.69 ± 0.40. On the 5th day of DI (DI5), the contrast sensitivity was: 12.99 ± 0.94, 13.34 ± 1.95 and 3.98 ± 0.55, respectively. Five hours after the completion of immersion (DI5 + 5 h), the contrast sensitivity in the range of low spatial frequencies was 11.87 ± 1.72, medium frequencies–10.64 ± 2.91, high frequencies–4.07 ± 0.44.

Statistical analysis of the data indicated that there are significant differences in the contrast sensitivity in the range of medium spatial frequencies between BG and DI1 (p = 0.001). The results of statistical analysis using the Mann-Whitney test confirmed this result (Z = –2.40, p = 0.02, df = 10). Five hours after the completion of DI, we observed no significant changes in contrast sensitivity in response to changes in gravitational conditions. Two-way ANOVA for DI with HFEMS showed that the main influence was exerted only by the factor Spatial Frequency [F(2, 10) = 24.5, p < 0.001, η2 = 0.83].

Thus, under the conditions of “dry” immersion with HFEMS, upon the transition from gravity to microgravity conditions (BG and DI1) significant differences in contrast sensitivity were observed in the range of medium spatial frequencies, whereas in the experiment without HFEMS—in the range of low spatial frequencies.

Statistical analysis using the mixed ANOVA showed that the main influence was exerted by the factors Spatial Frequency [F(2, 9) = 48.65, p = 0.0001, η2 = 0.915] and Day × Group [F(4, 7) = 4.64, p = 0.038, η2 = 0.726]. No significant interaction of the factors Group × Day × Spatial Frequency was found. Significant interaction of the factors Group × Day serves as evidence in favor of differences in the dynamics of changes in contrast sensitivity in the control and experimental groups. However, the lack of significant three-way interaction does not yet allow us to unequivocally assert that the groups are different.

The results of the sensorimotor assessment of the segments indicate that the subjects correctly assessed the neutral segments; the strength of overestimation of the size of the upper segment did not significantly differ from zero and was in the range of –0.9 to 1.1%.

In the study without HFEMS, the strength of the Müller-Lyer illusion in the BG stage was 3.95 ± 1.25%, on the 1st day of immersion (DI1)—3.15 ± 1.23%, on the 3rd day (DI3)—4.18 ± 1.26%, on the 5th day (DI5)—1.79 ± 0.63%, and 5 h after the completion of immersion (DI5 + 5 h)—4.34 ± 0.69% (Figure 4). A significant decrease in the strength of the Müller-Lyer illusion was registered on the 5th day of DI (p = 0.03), followed by an increase after the completion of DI. The strength of the Müller-Lyer illusion was above zero only after the completion of DI (p = 0.002). Thus, under microgravity conditions without additional influences, the Müller-Lyer illusion was absent (Table 1).
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FIGURE 4. The strength of the Müller-Lyer illusion in the DI with HFEMS and without HFEMS. (A) The results of the perception of neutral segments. (B) Results of perception of segments with arrows (M ller-Lyer illusion). All data are presented as mean ± standard error.



TABLE 1. The strength of the Müller-Lyer illusion in comparison with neutral segments.

[image: Table 1]
During study with HFEMS, the strength of the Müller-Lyer illusion in the background stage was 7.13 ± 1.13%, on the 1st day of immersion (DI1)—7.19 ± 1.08%, on the 3rd day (DI3)—6.71 ± 0.78%, on the 5th day (DI5)–8.95 ± 1.17%, and 5 h after the completion of immersion (DI5 + 5 h)–6.70 ± 0.95% (Figure 4). The strength of the Müller-Lyer illusion was above zero on all days of measurements (Table 1).

Statistical analysis using the mixed ANOVA showed that the main influence was exerted by the following factors: (Tests of Between-Subjects Effects) Group [F(1, 19) = 9.67, p = 0.006, η2 = 0.337]; Stimulus [F(1, 19) = 46.18, p < 0.001, η2 = 0.708]; Group × Stimulus [F(2, 19) = 6.6, p = 0.019, η2 = 0.258]; (Multivariate Tests) Day × Group [F(4, 16) = 3.6, p = 0.028, η2 = 0.475]. The magnitude of the Müller-Lyer illusion differed between the control (without HFEMS) and experimental (with HFEMS) groups on DI1 (p = 0.04) and DI5 (p = 0.001).



DISCUSSION

The hypothesis of this study was that the use of HFEMS could possibly compensate for the negative effects of microgravity on the contrast sensitivity of the visual system and the strength of the Müller-Lyer illusion.

The contrast sensitivity of the visual system reflects the characteristic features of perception and analysis of information at the input. From the standpoint of the theory of spatial-frequency filtering, visual perception is a result of distinguishing the spatial-frequency characteristics of visual stimuli by a set of relatively “narrow” channels (Campbell and Robson, 1968). Channels are neural complexes tuned to the perception of different spatial frequencies. There are many channels; the main ones are magno- and parvocellular channels or systems. The results of numerous studies indicate that a change in the activity of one of these systems leads to an incongruity in their interaction (Shoshina et al., 2014; Shoshina and Shelepin, 2016; Shoshina et al., 2018; Shoshina I. et al., 2020; Shoshina I. I. et al., 2020; Zemon et al., 2020). The activity of the magnocellular system has been shown to increase, which leads to a shift in the balance in the interaction of two opposing systems. The importance of the coordinated work of the magno—and parvocellular systems is shown on the model of chronic stress during burnout (Shoshina et al., 2018) and psychopathology (Shoshina et al., 2014; Shoshina and Shelepin, 2016; Shoshina I. et al., 2020; Zemon et al., 2020).

The results of studies of the effect of microgravity on the contrast sensitivity of the visual system in the course of a 21-day DI indicate a change in the functional state of the magnocellular system when the gravity conditions are altered (Shoshina I. I. et al., 2020). The activity of the magnocellular system has been shown to increase with a resulting shift within the balance within the interaction of two opponent systems. The results of studies of the visual system of cosmonauts before and after long orbital flights also indicate that there are changes in the activity of the magnocellular system when the gravity conditions are altered. Danilichev et al. (2019) registered a gradual recovery (on days 1, 3, 7, and 14 after a long flight) of contrast sensitivity in the range of low spatial frequencies to the background level measured before the start of the flight. Thus, the data indicate the possibility of using the activity of the magnocellular system as a marker of the functional state, a marker of the adaptation process. The neurons of the magnocellular system send their axons mainly along the dorsal pathway to transmit information from the caudal region to the frontal cortex (Merigan and Maunsell, 1993). The studies with the registration of electroencephalograms in cosmonauts in the process of their solving navigation problems have also shown that microgravity leads to functional reorganization of the dorsal pathway (Cheron et al., 2014).

The present study of 5-day “dry” immersion with the course of HFEMS indicates that on the 1st day of DI the average values of contrast sensitivity not increase in the range of low spatial frequencies. At the same time, in DI without additional influences, there is an increase in contrast sensitivity in the range of low spatial frequencies upon a change in gravity conditions. However, in a study using myostimulation, a decrease in contrast sensitivity in the range of medium spatial frequencies was observed. Such a decrease is considered by us as evidence of an increase in the level of internal noise of the visual system. One of the factors of its increase is likely to be an incongruity in the interaction of the magno- and parvocellular systems.

The dynamics of changes in the sensorimotor assessment of illusion and neutral segments in the 5-day DI without HFEMS is qualitatively similar to the data that we obtained earlier with 21-day DI and, in which the subjects were not exposed to other influences but DI (Sosnina et al., 2021). In the 5-day DI without HFEMS, the dynamic of the change in the magnitude of the Müller-Lyer illusion indicates a decrease in the strength of the illusion during the immersion. In study with HFEMS, there was no decrease in the strength of the Müller-Lyer illusion, as in immersion without additional influences.

According to Clément et al. (2009), a decrease in the strength of illusions occurs during systemic (otolithic) dizziness associated with disturbances in the functioning of the vestibular system. In conditions of flight along a parabolic trajectory with a short period of microgravity (for only 20 s), a decrease in the strength of geometric visual illusions has also been shown (Villard et al., 2005). In our study of 5-day immersion with HFEMS, this decrease did not occur. It can be assumed that HFEMS, increasing the afferent stream under conditions of its deficit during support unloading (Koryak, 2018), normalizes the sensorimotor interaction.

We consider the data of these studies from the point of view of the theory of two pathways—dorsal and ventral (Goodale and Milner, 1992). The dorsal pathway for “action” with projections from the primary visual areas to the posterior parietal cortex plays a crucial role in real-time action control; it converts information about the location and positioning of target objects into the coordinate systems, used by the effectors to perform an action (Goodale, 2014; Foley et al., 2015). The neurons of the magnocellular system that are sensitive to the perception of low spatial frequencies, send their axons mainly toward the dorsal stream and provide the functions of perception of movement, spatial localization, visual-spatial orientation, and global analysis of the visual field (Merigan and Maunsell, 1993; Nassi and Callaway, 2009).

The ventral pathway for “perception” with projections from the primary visual areas into the inferior temporal cortex helps to create rich and detailed visual representations of the world that allow us to identify objects and events, give them meaning and significance, establish cause-and-effect relationships. The ventral pathway associated with the structures of the temporal and frontal lobes involved in memory, emotions, and social behavior (Foley et al., 2015).

The dorsal and ventral systems are involved in two different frames of reference that provide the function of spatial orientation (Baizer et al., 1993; Milner and Goodale, 1995; Klatzky, 1998; Gramann et al., 2010). Calculations required for seeing “to perceive” are very different from calculations required for seeing “to act.” The dorsal system provides an egocentric frame of reference focused on absolute values and visual-spatial orientation, the ventral system—an allocentric frame of reference focused on the structure of the scene and coding of the size, orientation and location of objects relative to each other. Owing to the coordinated work of the systems with perceptual representations based on objects and scenes, a coherent view of the environment, location and direction of navigation in it is formed (Milner, 2017). Extreme impacts (stress) lead to an incongruity in their interaction, the nature of which may differ. In particular, the change in gravity conditions is accompanied by a shift of the activity locus toward the dorsal system (Shoshina I. I. et al., 2020), which, as we assume, can be compensated for by additional afferentation using HFEMS. However, further research is required to test this assumption.

McGregor et al. (2021) investigated resting−state functional connectivity (FC) during a spaceflight analog (30 days of strict head down−tilt bed rest in elevated ambient carbon dioxide (HDBR + CO2). A subset of participants developed optic disc edema, a sign of spaceflight−associated neuro−ocular syndrome (SANS). Subjects who developed optic disc edema exhibited a distinct pattern of FC changes within visual and vestibular−related networks during the intervention. This finding confirms that SANS impacts not only neuro−ocular structures, but also functional brain organization.

Therefore, further prospective investigations studies, including sensory assessments, are significant to research the observed differences.



CONCLUSION

Conditions of space flight lead to changes in sensorimotor characteristics that are responsible for fundamental skills necessary for piloting and landing aircraft and spacecraft, driving various vehicles, handling manipulators and other devices. As a result of a decrease in gravity (and, probably, other factors), there is a loss of a spatial reference point (support) which is perceived by the receptors of the vestibular, proprioceptive, tactile and visual systems and is used by the central nervous system for spatial orientation, navigation and coordination of movements. In this connection, of importance is not only the problem of studying changes in sensitivity under conditions of altered gravity, but also the search for ways to compensate for negative effects. Since the opportunities for research in space are limited, methods of gravitational unloading in terrestrial conditions are used. “Dry” immersion is a popular model for such gravitational unloading.

In the present study, during a 5-day “dry” immersion, we studied the contrast sensitivity of the visual system in different ranges of spatial frequency, as well as the strength of the Müller-Lyer illusion in the sensorimotor tracking task.

Under conditions of “dry” immersion without HFEMS, upon the transition from gravity to microgravity conditions (BG and DI1) we observed significant differences in contrast sensitivity in the low spatial frequency range, whereas in the experiment with HFEMS—in the medium spatial frequency range. In the experiment without HFEMS, the Müller-Lyer illusion in microgravity conditions was absent, while in the experiment using HFEMS it was significantly above zero at all stages. Thus, we obtained only limited evidence in favor of the hypothesis of a possible compensating effect of HFEMS on changes in visual sensitivity upon the transition from gravity to microgravity conditions and vice versa. The study is a pilot and requires further research on the effect of HFEMS on visual sensitivity.
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Cerebrovascular reactivity (CVR) to changes in the partial pressure of arterial carbon dioxide (PaCO2) is an important mechanism that maintains CO2 or pH homeostasis in the brain. To what extent this is influenced by gravitational stress and corresponding implications for the regulation of cerebral blood flow (CBF) remain unclear. The present study examined the onset responses of pulmonary ventilation (V̇E) and anterior middle (MCA) and posterior (PCA) cerebral artery mean blood velocity (Vmean) responses to acute hypercapnia (5% CO2) to infer dynamic changes in the central respiratory chemoreflex and cerebrovascular reactivity (CVR), in supine and 50° head-up tilt (HUT) positions. Each onset response was evaluated using a single-exponential regression model consisting of the response time latency [CO2-response delay (t0)] and time constant (τ). Onset response of V̇E and PCA Vmean to changes in CO2 was unchanged during 50° HUT compared with supine (τ: V̇E, p = 0.707; PCA Vmean, p = 0.071 vs. supine) but the MCA Vmean onset response was faster during supine than during 50° HUT (τ: p = 0.003 vs. supine). These data indicate that gravitational stress selectively impaired dynamic CVR in the anterior cerebral circulation, whereas the posterior circulation was preserved, independent of any changes to the central respiratory chemoreflex. Collectively, our findings highlight the regional heterogeneity underlying CBF regulation that may have translational implications for the microgravity (and hypercapnia) associated with deep-space flight notwithstanding terrestrial orthostatic diseases that have been linked to accelerated cognitive decline and neurodegeneration.
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INTRODUCTION

Numerous enzymatic and ion channels that influence neural activity are modulated by changes in pH (Chesler, 2003). Since the regulation of carbon dioxide (CO2) helps maintain constant pH (Ogoh, 2019), cerebrovascular CO2 reactivity (CVR), an indicator of the compensatory dilatory capacity of blood flow in the brain in response to vasoactive stimuli, plays an important role in cerebral CO2 regulation in order to preserve and maintain stable brain pH. Importantly, a reduction in CVR is associated with impaired cognition in patients with Alzheimer’s disease (Silvestrini et al., 2006; Richiardi et al., 2015), dementia (Silvestrini et al., 2006; Lee et al., 2007), and cerebrovascular endothelial dysfunction (Lavi et al., 2006; Kim et al., 2021), indirectly supporting a “pH-sensitive” regulatory role. Equally, the cerebrovascular responses to altered brain pH also impact central chemoreflex sensitivity (Siesjo, 1972). Since intravascular CO2 concentration influences the CO2 concentration gradient from the brain, the central respiratory chemoreflex, as well as CVR, collectively contributes to maintaining stable brain pH (Ainslie and Duffin, 2009; Ogoh, 2019). Indeed, our previous studies (Ogoh et al., 2008, 2009, 2013) demonstrated that CVR interacts with the central respiratory chemoreflex to maintain cerebral CO2 homeostasis. These data collectively justify the need to better phenotype the functional interaction between the central respiratory chemoreflex and CVR modulation.

This pathway is especially relevant during the microgravity of space since astronauts need to adapt to multiple environmental stressors including hypercapnia, hypoxia, and physical deconditioning, notwithstanding the endogenous challenges posed by pronounced cephalad fluid shifts (Bailey et al., 2021). Our previous study (Ogoh et al., 2013) demonstrated that compared to supine, orthostatic stress-induced reduction in cerebral blood flow (CBF) attenuated the “washout” of CO2 from the brain causing hyperpnea subsequent to autochemoactivation of the central chemoreflex. This finding indicates that gravitational stress (microgravity) modified CO2 regulation via the central respiratory chemoreflex and CVR, and that both CO2 regulatory mechanisms are functionally interactive. Importantly, these findings provide the possibility that CO2 homeostasis in the brain may be altered via modified CO2 regulatory mechanisms in space. Indeed, it has been reported that long-term microgravity decreased cognitive function (Salazar et al., 2020, 2021) and that this is associated with impaired CVR (Kim et al., 2021).

In contrast, the CVR and central respiratory chemoreflex were unchanged during orthostatic stress-induced via lower negative pressure (LBNP) and head-up tilt (HUT; Ogoh et al., 2013; Tymko et al., 2015). However, these previous studies (Ogoh et al., 2013; Tymko et al., 2015) have been constrained to the steady-state characteristics of CVR and central respiratory chemoreflex and have not considered the dynamic responses. Early reports (Shapiro et al., 1965) indicated that the elevation in CBF proceeds within 30 s of CO2 inhalation and that less than 2 min were required to achieve peak perfusion (Ellingsen et al., 1987). Since the cerebrovascular and respiration regulatory systems interact via the same mediator (i.e., CO2), whereas the respiratory response to CO2 is slower than that of the cerebrovasculature (Ogoh, 2019), the onset of the cerebrovascular response may be isolated from the respiratory response. This highlights the potential mechanistic importance of the CBF “onset” that is different from that of the traditional steady-state CVR (Rasmussen et al., 2006; Ogoh et al., 2008, 2009, 2020). Furthermore, to what extent altered gravitational stress impacts the corresponding kinetics underlying the dynamic cerebrovascular responses to hypercapnia remains to be investigated.

Cerebrovascular regulation is also subject to considerable regional heterogeneity. Traditionally, studies have focused on changes in perfusion to the anterior circulation employing middle cerebral artery blood velocity (MCA V) as a surrogate for CBF (Ogoh and Ainslie, 2009a,b; Willie et al., 2011). However, it is noteworthy that MCA V response to orthostatic stress differs compared to the posterior circulation (Sato et al., 2012a; Ogoh et al., 2015; Washio et al., 2018). In the anterior cerebral circulation, neural activity and metabolism are closely related to regional CBF, termed neurovascular coupling, the vascular beds supplying more metabolically active brain regions are likely to be dilated to maintain perfusion (Nakagawa et al., 2009). On the other hand, the territories supplied by the posterior circulation (i.e., brain stem, medulla oblongata, visual cortex, cerebellum, and vestibular regions) are robustly and constantly activated during orthostatic stress due to sympathoexcitation, visual stimulation, postural control, and gravitational stress. This would place the posterior territories in a state of continuous vasodilatation relative to the internal carotid territories (Haubrich et al., 2004; Nakagawa et al., 2009) highlighting site-specific regulation. These observations are consistent with previous studies (Sato et al., 2012b; Skow et al., 2013) demonstrating that CVR in the anterior circulation is higher relative to the posterior.

Given this knowledge and in contrast to what would be expected during steady-state CVR, we hypothesized that the onset of CBF response to changes in CO2 (dynamic CVR) would be altered by gravitational stress subsequent to changes in the central respiratory chemoreflex (Ogoh et al., 2009). Also, given the preferential defense of cerebral substrate delivery to the phylogenetically older, evolutionary conserved hindbrain (supplied by the posterior circulation; Bailey et al., 2020; Calverley et al., 2020), we further hypothesized that these interactive changes would be more pronounced in the anterior circulation subserved by the MCA. To test these hypotheses, the present study sought to characterize the onset responses of the respiratory chemoreflex and middle cerebral artery (MCA) and posterior cerebral artery (PCA) mean blood velocity (Vmean) to hypercapnia incorporating HUT-induced orthostasis as a terrestrial spaceflight analogue of gravitational stress.



MATERIALS AND METHODS


Participants

Thirteen healthy participants participated in this study (10 men and 3 women; mean age, 24 ± 4 years; stature, 167.4 ± 6.9 cm; body mass, 62.0 ± 12.1 kg). All participants were non-smokers, free of any cerebrovascular or cardiovascular disease and were not taking any over-the-counter or prescribed medication. Before the experiment, participants were required to abstain from caffeinated beverages, strenuous exercise, and alcohol for 24 h. Furthermore, the participants were instructed to consume a light meal 4 h prior to the start of the experiment in order to minimize the potential effect of individual meals on cardiorespiratory and cerebrovascular responses.



Design

All measurements were performed on the same day for each participant. This study was conducted using the following two body position: supine and 50° HUT conditions. Participants did not move their head in an attempt to prevent any potential confounds associated with vestibular activation (Hume and Ray, 1999; Ogoh et al., 2018). After instrumentation, participants were placed on the tilt table. To characterize cerebral blood velocities and respiratory responses to hypercapnia, the participants breathed through a face mask and inspired a selected gas mixture from a Douglas bag containing 5.0% CO2, 21.0% O2 balanced with N2 [inspired CO2 (FICO2) = 5%] during supine and 50° HUT. After 20 min rest at either position, 8 min of baseline data were recorded while breathing room air. After baseline recording, the hypercapnia trial was induced by a rapid change in the FICO2 and lasted for 9 min. It takes a few minutes for fluid shifts to reach equilibrium following a change in body position (Ogoh et al., 2003). Equally, positional changes alter pulmonary ventilation (Ogoh et al., 2013) taking circa 7–8 min to reach steady-state subsequent to chemoreflex activation (Poon and Greene, 1985). Thus, we allowed a 20 min period that we considered adequate for steady-state equilibration. After each trial, body position was changed, and the participants rested for at least 20 min while inspiring room air. Following that, the other trial was conducted in the same manner. The order of the supine and 50° HUT trials was randomized for each participant. The room temperature was set at 24–25°C.



Measurements

Heart rate (HR) was measured using a lead II electrocardiogram (bedside monitor, BMS-3400; Nihon Kohden, Tokyo, Japan). Beat-to-beat arterial blood pressure (ABP) was monitored continuously using a finger photoplethysmography (Finapres Medical Systems, Amsterdam, Netherlands) with a cuff placed on the middle finger of the left hand. Stroke volume (SV) and cardiac output (Q) were determined from the ABP waveform using a Modelflow software program, which incorporates the sex, age, stature, and body mass of the participants (Beat Scope1.1; Finapres Medical Systems). MCA V and PCA V were measured as surrogate metrics for regional CBF through the right and left temporal windows, respectively, using transcranial Doppler ultrasonography (TCD) system (DWL Doppler Box-X; Compumedics, Singen, Germany). The TCD probe was fixed and held in a measurement position using a dedicated headband (Elastic headband, DWL) to maintain a constant insonation angle throughout the experiment. For characterization of respiratory responses to hypercapnia, participants breathed through a leak-free respiratory mask attached to a flowmeter and two-way valve. The valve mechanism allowed participants to inspire room air or a gas mixture from a 300-liter Douglas bag. Pulmonary ventilation (V̇E), tidal volume (Vt), and end-tidal partial pressure of CO2 (PETCO2) were measured breath-by-breath using an automated gas analyzer (AE-310S, Minato Medical Science Co., Osaka, Japan).



Data Analysis

All data were sampled continuously at 1 kHz using an analog-to-digital converter (Power Lab 16 s; AD Instruments, Sydney, Australia) and stored on a laboratory computer for offline analysis. Mean arterial pressure (MAP), mean MCA V (MCA Vmean), and mean PCA V (PCA Vmean) were obtained from each waveform and resampled at 1 Hz. The predicted partial pressure of arterial CO2 (PaCO2) was derived from PETCO2 to Vt using the following equation (Jones et al., 1979).

[image: image]

Importantly, a previous study (Miyamoto et al., 2014) demonstrated that the relationship between PETCO2 and PaCO2 was unchanged by differential changes in central blood volume shifts. During supine and 50°. HUT, all variables were averaged over 60 s immediately before CO2 administration and end of hypercapnia trial for baseline and steady-state measurements.

Dynamic responses of V̇E, predicted PaCO2, MCA Vmean, and PCA Vmean were evaluated using a one-compartment nonlinear least-squares optimization method. The remaining data of onset responses of predicted PaCO2, MCA Vmean, PCA Vmean, and V̇E were fitted to the following single-exponential regression equation consisting of the response time latency [CO2-response delay (t0)], baseline value, gain term (G), and time constant (τ) fitted to the CO2 administration protocol:

[image: image]

where y is the response, t is time, and y0 is a baseline value. Time 0 reflects start of CO2 administration (Figure 1).

[image: Figure 1]

FIGURE 1. Single-exponential regression model, t0; the response time latency from induction of carbon dioxide administration to change [CO2-response delay], y0, baseline value; and G, gain term, and τ; time constant of the fitted curve of exponential regression during CO2 administration. Time 0 (t0 = 0) refers to the start of CO2 administration. The τ is the time (unit: second) from t0 to reach 63.2% of the steady-state value.




Statistical Analysis

Data from our pilot study (n = 5) were used to perform prospectively power analysis in this study with an assumed type 1 error of 0.05 and statistical power of 80% to detect differences in τ assessed by MCA Vmean between supine and 50° HUT conditions. This power analysis indicated that the critical sample size was estimated to be 10 participants.

All data were analyzed using SPSS (IBM SPSS Statistics Version 27.0) and expressed as mean ± standard deviation (SD). A linear mixed model with fixed effects for Condition (supine vs. 50° HUT) or Time (baseline vs. hypercapnia) was used to compare steady-state data. Before the analysis for dynamic responses of the respiratory chemoreflex and CVR to hypercapnia during supine and 50° HUT, the Shapiro–Wilk’s test was applied to verify the normal distribution for each variable. The distribution normality was confirmed in variables (W ≥ 0.870, p ≥ 0.081), excluding t0 of V̇E, MCA Vmean and PCA Vmean, τ of MCA Vmean and PCA Vmean, τ + t0 of PaCO2, and G of predicted MCA Vmean, PCA Vmean, and PaCO2 (W ≥ 0.713, p ≤ 0.045). To compare normally distributed outcomes between conditions, we incorporated paired samples t-tests. Wilcoxon matched-pairs signed ranks tests were employed where appropriate as a non-parametric equivalent. Statistical significance was set at p < 0.05.




RESULTS


Loss to Follow-Up

Steady-state V̇E and PCA V signals were not acquired in one participant. Thus, overall data analyzes included a sample size of 12 participants.



Steady-State Responses to CO2 at Supine and 50° HUT

Table 1 outlines the hemodynamic and respiratory responses during supine and 50° HUT. During 50° HUT, SV and MCA Vmean decreased (p < 0.006), whereas HR and MAP increased compared to supine (p < 0.049). During hypercapnia, MAP, Q, MCA Vmean, PCA Vmean, V̇E, Vt, PETCO2, and predicted PaCO2 were elevated throughout both supine and 50° HUT conditions (p < 0.010).



TABLE 1. Hemodynamic and respiratory variables during baseline and hypercapnia.
[image: Table1]



Dynamic Response to CO2 Administration at Supine and 50° HUT

The onset of response of predicted PaCO2 to CO2 administration was faster than that of other variables (i.e., MCA Vmean, PCA Vmean, and V̇E), but this response did not differ between supine and 50° HUT (G: predicted PaCO2, p = 0.754 and t0 + τ: predicted PaCO2, p = 0.489, Figure 2).

[image: Figure 2]

FIGURE 2. Panel A: Continuous recording of predicted partial pressure of arterial CO2 (PaCO2) responses to CO2 administration (5% CO2) during supine (gray line) and 50° head-up tilt (HUT; black line) in one representative participant. The dash-dotted and smooth curve represent the exponential lines at supine and 50° HUT, respectively. Panel B: Group-averaged gain (G) of predicted PaCO2 exponential fitting curves during supine and 50° HUT. Panel C: Grouped sum of CO2-response delay (t0) and time constant (τ) of predicted PaCO2 exponential fitting curves during supine and 50° HUT. The predicted PaCO2 was derived from PETCO2 and Vt using the following equation (Jones et al., 1979); Predicted PaCO2 = 5.5 + 0.9*PETCO2–0.0021*Vt. Grouped data are shown as median and interquartile range with individual data points.


Following the change in predicted PaCO2, change in MCA Vmean, PCA Vmean, and V̇E also fitted to the similar exponential onset curve during hypercapnia (Figure 3). Despite different steady-state MCA Vmean, PCA Vmean and V̇E during hypercapnia between conditions, G and t0, the fitting curve variable of MCA Vmean, PCA Vmean, and V̇E did not differ between supine and 50° HUT (G: MCA Vmean, p = 0.182; PCA Vmean, p = 0.530 and V̇E, p = 0.838; t0: MCA Vmean, p = 0.413; PCA Vmean, p = 0.350 and V̇E, p = 0.139). In contrast, the average of τ of MCA Vmean was elevated compared to supine, indicating that the onset of MCA Vmean response was slower during 50° HUT (p = 0.003) while that of PCA Vmean, V̇E did not differ between conditions (PCA Vmean, p = 0.071; V̇E, p = 0.707).

[image: Figure 3]

FIGURE 3. Dynamic cerebrovascular carbon dioxide (CO2) reactivity and central respiratory chemoreflex were characterized using a single-exponential regression model. Panels A–C: Continuous recordings of middle and posterior cerebral artery mean blood velocities (MCA Vmean, A and PCA Vmean, B) and pulmonary ventilation (V̇E, C) response to CO2 administration (5% CO2) during hypercapnia during supine (gray line) and 50° head-up tilt (HUT; black line) in one representative participant. The dash-dotted and smooth curve represent the exponential lines at supine and 50° HUT, respectively. Panels D–F: Grouped gain (G, D), CO2-response delay (t0, E), and time constant (τ, F) of MCA Vmean, PCA Vmean, and V̇E exponential fitting curves during supine and 50° HUT. Grouped data are shown as median and interquartile range with individual data points.





DISCUSSION

The present study has identified two novel findings. First and consistent with our original hypothesis, acute gravitational stress selectively impaired dynamic CVR in the anterior cerebral circulation, whereas the posterior circulation was preserved. Second, albeit contrary to original expectations, this impairment was independent of any changes to the central respiratory chemoreflex. Collectively, these findings further highlight the regional heterogeneity underlying CBF autochemoregulation that may have translational implications for the microgravity (and hypercapnia) associated with deep-space flight notwithstanding terrestrial orthostatic diseases that have been linked to accelerated cognitive decline and neurodegeneration.

Prior studies have identified that changes in central blood volume (CBV) modify ventilation (Miyamoto et al., 2014). For example, increased CBV through water immersion causes hypoventilation, in contrast, a lower body negative pressure-induced decrease in CBV causes hyperventilation. This modification may be linked to a CBV-induced change in CBF (Ogoh et al., 2013). In support, Ogoh et al. (2013) demonstrated that an orthostatic stress-mediated reduction in CBF induced a leftward shift of the central respiratory chemoreflex (V̇E-PETCO2 relationship) without altering its sensitivity (Miyamoto et al., 2014), indicating an elevated V̇E for any given PETCO2. This finding indicates that the gravitational stress-induced reduction in CBF likely attenuated cerebral CO2 (elimination) “washout” causing hyperpnea following autochemoactivation of the central respiratory chemoreflex. Given such conflict, we herein speculated that the onset (dynamic) response of ventilation to hypercapnia would be altered via a gravitational stress-induced change in CBV since orthostatic stress causes hyperventilation (Ogoh et al., 2013) via an interaction between CBF regulation and respiratory response (Ogoh et al., 2008, 2009, 2019). However, contrary to our original expectations, HUT failed to alter the onset response of ventilation to hypercapnia. Importantly, these findings indicate that alteration in CBF regulation was independent of the central chemoreflex.

In contrast to published data indicating that orthostatic stress failed to alter steady-state CVR (Tymko et al., 2015), our findings indicate that the (dynamic) onset of CVR was attenuated by gravitational stress and selectively constrained to the anterior circulation. This apparent contradiction clearly highlights the importance of the “on-kinetic” when exploring the physiological response to hypercapnia. In addition, a steady-state data determined CVR includes central respiratory chemoreflex, indicating that steady-state CVR may not reflect a purely cerebrovascular response (Ogoh et al., 2009). Indeed, it has been reported the different response between steady-state and onset dynamic response of CVR, for example, exercise enhanced the steady-state CVR (Rasmussen et al., 2006), in contrast, the onset response of CVR unchanged during exercise (Ogoh et al., 2009). Similarly to the previous study, the finding of the present study indicates that the onset (dynamic) cerebrovascular response to CO2 is different from the traditional steady-state CVR against gravitational stress. However, further research is warranted to identify the underlying mechanisms.

In contrast, the posterior cerebrovascular response to CO2 was unchanged during HUT, replicating traditional steady-state CVR data of MCA Vmean and PCA Vmean responses (Tymko et al., 2015). Several observations may indirectly explain these differential findings. The posterior circulation is characterized by lower dynamic cerebral autoregulation compared to the anterior circulation (Sato et al., 2012a) notwithstanding other factors including some reports of comparatively lower sympathetic innervation (Edvinsson, 1975) and CO2 vasoreactivity (Sato et al., 2012b) and thus better equipped to “defend” CBF against acute changes in CBV. This makes teleological sense given that the territories the vertebral-basilar system feeds, notably the medulla oblongata, cerebellum, hypothalamus, thalamus, and brainstem, are phylogenetically older with priority over other (younger, more anterior) regions for O2 and glucose supply given their arguably more critical roles in maintaining homeostasis (Bailey, 2019). However, the mechanism of the effect of gravitational stress on regional differences in dynamic cerebrovascular response to CO2 between anterior and posterior cerebral arteries remains unknown and warrants further consideration in follow-up studies. One possible mechanism is the different CBF responses between anterior and posterior cerebral arteries to HUT. It has been reported that the decrease in posterior CBF during gravitational stress is lower than that of anterior CBF (Ogoh et al., 2015). It is possible that gravitational stress-induced CBF reduction in the anterior cerebral artery may be associated with an attenuation in the cerebrovascular response to CO2.



LIMITATIONS

Potential limitations of the present study warrant careful consideration. First, the TCD-determined MCA Vmean and PCA Vmean are widely used as an index of anterior and posterior (intracranial) CBF, respectively (Tymko et al., 2015; Washio et al., 2020). While this approach provides excellent continuous high-resolution sampling of CBF kinetics, it would have been interesting to “map” perfusion through other intra/extracranial vessels given the aforementioned perfusion heterogeneity and site-specific differences in autochemoregulation, e.g., MCA vs. anterior cerebral artery (Jorgensen et al., 1992; Linkis et al., 1995), and PCA vs. vertebral artery (Washio et al., 2017). In addition, this methodological technique can identify a transient change in CBF, albeit limited by the misplaced assumption that artery diameter remains constant. Previous work (Willie et al., 2011) clearly demonstrates that there is likely to be some degree of vasodilation induced by the increases in PETCO2 stimulated in the present study. Indeed, Al-Khazra et al. (Al-Khazraji et al., 2021) demonstrated that step changes in CO2 altered the MCA diameter despite no change in MCA diameter during the ramp CO2 stimulation, indicating that the protocol of the present study may have potentially underestimated CVR but it is unclear whether orthostatic stress modifies this limitation. The human brain has evolved heightened sensitivity to PaCO2/H+ (more so than PaO2) that extends throughout the cerebrovasculature, from the large extracranial and intracranial conduit and middle cerebral arteries through to the smallest pial arterioles and parenchymal vessels, prioritizing the buffering of brain tissue pH for stabilization of chemosensory and autonomic control at the level of the brainstem (Bailey et al., 2017). In addition, orthostatic stress causes hypocapnia subsequent to hyperventilation effecting a reduction in CBF (Ogoh et al., 2013, 2019). However, in the present study, VE was unchanged during orthostatic stress (p = 0.871). Furthermore, the definitely addressing how varying degrees of gravity notwithstanding differences in age, sex, race, medication, altitude acclimatization, atmospheric pressure, physical training, etc. on CVR may be important for the space physiology but it remains unclear in the present study. Finally, we observed differences in MAP between the two trials highlighting two distinct mechanisms that could potentially influence CBF; mechanical (pressure-induced) and chemo (CO2-induced) autoregulation, with ongoing controversy as to which mechanism “dominates.” Evidence suggests that nitric oxide (NO) is more important for chemo as opposed to the mechanoregulation of CBF (Weiss et al., 1979; Buchanan and Phillis, 1993; Thompson et al., 1996). Indeed, low doses of a NO donor, without causing major systemic hemodynamic perturbations, have been shown to blunt hyperventilation-mediated cerebral vasoconstriction and enhance the vasodilatory effect of hypercapnia, shifting the vasomotor CO2-reactivity slope to the left. Furthermore, rapid changes in pH that occur during hypercapnia serve as an important modulator of NO synthase. Equally, pharmacological manipulation of opiate receptors, prostaglandins, ATP-dependent K+ channel activation, and free radicals modulates the CO2–NO axis and underlying cerebral vasomotor reactivity (Lavi et al., 2003). To what extent redox-sensitive mechanisms activated by the shear stress imparted by HUT-induced CBV shifts contribute to the observed findings cannot be ignored and warrants further consideration in follow-up research.



CONCLUSION

In contrast to steady-state CVR, the onset of cerebrovascular to CO2 during gravitational stress was selectively impaired in the anterior but not posterior cerebral circulation. These findings indicate that dynamic CBF regulation may contribute to microgravity-induced cognitive dysfunction.
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There are substantial individual differences (resilience and vulnerability) in performance resulting from sleep loss and psychosocial stress, but predictive potential biomarkers remain elusive. Similarly, marked changes in the cardiovascular system from sleep loss and stress include an increased risk for cardiovascular disease. It remains unknown whether key hemodynamic markers, including left ventricular ejection time (LVET), stroke volume (SV), heart rate (HR), cardiac index (CI), blood pressure (BP), and systemic vascular resistance index (SVRI), differ in resilient vs. vulnerable individuals and predict differential performance resilience with sleep loss and stress. We investigated for the first time whether the combination of total sleep deprivation (TSD) and psychological stress affected a comprehensive set of hemodynamic measures in healthy adults, and whether these measures differentiated neurobehavioral performance in resilient and vulnerable individuals. Thirty-two healthy adults (ages 27–53; 14 females) participated in a 5-day experiment in the Human Exploration Research Analog (HERA), a high-fidelity National Aeronautics and Space Administration (NASA) space analog isolation facility, consisting of two baseline nights, 39 h TSD, and two recovery nights. A modified Trier Social Stress Test induced psychological stress during TSD. Cardiovascular measure collection [SV, HR, CI, LVET, BP, and SVRI] and neurobehavioral performance testing (including a behavioral attention task and a rating of subjective sleepiness) occurred at six and 11 timepoints, respectively. Individuals with longer pre-study LVET (determined by a median split on pre-study LVET) tended to have poorer performance during TSD and stress. Resilient and vulnerable groups (determined by a median split on average TSD performance) showed significantly different profiles of SV, HR, CI, and LVET. Importantly, LVET at pre-study, but not other hemodynamic measures, reliably differentiated neurobehavioral performance during TSD and stress, and therefore may be a biomarker. Future studies should investigate whether the non-invasive marker, LVET, determines risk for adverse health outcomes.

Keywords: hemodynamics, sleep deprivation, psychological stress, neurobehavioral performance, Karolinska Sleepiness Scale, biomarkers, echocardiography, Psychomotor Vigilance Test


INTRODUCTION

Chronic sleep deprivation is a significant public health issue and is associated with multiple adverse health risks such as cardiovascular disease, obesity, diabetes, cancer, and overall morbidity and mortality (Ferrie et al., 2007; Gallicchio and Kalesan, 2009; Mullington et al., 2009). For many individuals, sleep loss increases self-rated sleepiness and deficits in sustained attention (Banks and Dinges, 2007; Goel et al., 2009; Brieva et al., 2021; Casale et al., 2021; Yamazaki et al., 2021a,b). However, large, highly replicable, phenotypic individual differences occur in response to sleep deprivation, whereby some individuals are vulnerable, and others are resilient to sleep loss (Van Dongen et al., 2004; Goel, 2017; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021; Yamazaki et al., 2021a,b). These inter-individual differences are robust for common types of sleep loss, such as total sleep deprivation (TSD) and chronic sleep restriction (SR) (Dennis et al., 2017; Yamazaki and Goel, 2020), persisting across months and years (Dennis et al., 2017), but do not differ between various subgroups, such as age, sex, race, and body mass index (Yamazaki and Goel, 2020).

The sleep and circadian systems are tightly integrated with—and can markedly affect—the cardiovascular (CV) system. CV variables such as stroke volume (SV), heart rate (HR), cardiac output, blood pressure (BP), left ventricular ejection time (LVET), and vascular resistance all display diurnal variations (Cugini et al., 1993; Morris et al., 2013; Thosar et al., 2018). During non-rapid eye movement (non-REM) sleep, HR and BP decrease from greater parasympathetic activity, while during REM sleep, there is a shift toward greater sympathetic activity; moreover, sleep loss results in less parasympathetic and greater sympathetic activity (Kato et al., 2000; Henelius et al., 2014; Tobaldini et al., 2017). During TSD and SR, CV measures such as SV (Lü et al., 2018), HR (Kato et al., 2000; Meier-Ewert et al., 2004; Zhong et al., 2005; Sauvet et al., 2010; Sunbul et al., 2014; Lü et al., 2018; Bourdillon et al., 2021), cardiac index (CI) (Sunbul et al., 2014), BP (Kato et al., 2000; Muenter et al., 2000; Meier-Ewert et al., 2004; Zhong et al., 2005; Mullington et al., 2009; Sauvet et al., 2010; Lü et al., 2018; Bourdillon et al., 2021; Bozer et al., 2021; Cernych et al., 2021), and vascular resistance (Kato et al., 2000; Lü et al., 2018) have shown inconsistent changes, with some studies reporting alterations, while others show no changes. To our knowledge, no prior study has examined changes in LVET during sleep deprivation. LVET is strongly positively correlated with SV in healthy participants and is altered in patients with cardiovascular disorders (CVD), such as heart failure (Reant et al., 2010). Heart failure patients show disrupted sleep and are at high risk for obstructive sleep apnea syndromes (Pak et al., 2019).

Similarly, both acute and prolonged stress alter CV measures and increase risk for CVD, such as hypertension and coronary artery calcification (Turner et al., 2020). The Trier Social Stress Test (TSST) (Kirschbaum et al., 1993) is a well-validated acute psychological stressor that decreases SV and LVET and increases HR, cardiac output, BP, and vascular resistance (Allen et al., 2014; Jayasinghe et al., 2017). Notably, the combination of sleep loss and various stress conditions also increases BP (Kato et al., 2000; Bozer et al., 2021). To our knowledge, the time course of changes in SV, HR, CI, LVET, BP, and systemic vascular resistance index (SVRI) across sleep loss and psychological stress has not thus far been investigated.

Given the synergistic effects of sleep loss and stress on the CV system, CV measures are potential novel candidate biomarkers that have not yet been investigated to identify individuals who are resilient or vulnerable to these potent stressors. We determined whether the combination of sleep loss and psychological stress affects a comprehensive set of CV measures and whether these measures differentiate vulnerable and resilient individuals before and in response to TSD and stress, which is particularly important to consider in applied settings, where both are commonly experienced (Barger et al., 2014; Cromwell et al., 2021; Mhatre et al., 2021). We hypothesized the following: (1) TSD and stress would impair neurobehavioral performance; (2) CV measures at pre-study would identify individual differences in response to TSD and stress; (3) TSD and stress would alter CV measures; and (4) resilient and vulnerable individuals would show differential patterns of change in CV measures.



MATERIALS AND METHODS


Participants

The Human Research Program Human Exploration Research Analog (HERA) is a high-fidelity space analog isolation facility located in Johnson Space Center in Houston, TX, United States. We studied 32 healthy adults (ages 27–53; mean age ± standard deviation [SD], 35.1 ± 7.1 years, 14 females) in this highly controlled facility. Groups of four participants at a time partook in one of the four HERA 14-day studies or one of the four 30-day studies. Participants were thoroughly screened by the National Aeronautics and Space Administration (NASA) and were required to pass a drug screen and a physical exam ensuring they were in excellent health with no history of CV, neurological, gastrointestinal, or musculoskeletal problems. The study was approved by the Institutional Review Boards of the NASA and of the University of Pennsylvania, and all protocol methods were carried out in accordance with approved guidelines and regulations. Participants provided written informed consent prior to inclusion in the study, which was in accordance with the Declaration of Helsinki. Participants received compensation for their participation in the protocol.



Procedures

During each HERA study, participants engaged in pre-study data collection, a 5-day experiment designed to induce stress and sleep deprivation and to measure neurobehavioral performance (Figure 1), and post-study data collection. The 5-day experiment consisted of 2 baseline nights [B1 and B2; 8-h time-in-bed (TIB), 2300—0700 h], followed by 39-h acute TSD during which participants remained awake. A modified TSST was conducted between 1500—1730 h on the day after the TSD night to induce psychosocial stress (described below). TSD was followed by a 10-h TIB recovery night (R1; 2200—0800 h), and a second 8-h TIB recovery night (R2; 2300—0700 h). Although fitness levels were not explicitly measured, all participants endured similar amounts of activity during the study, were confined to engaging in prescribed activities at specific times, and napping was prohibited during the experiment. Wrist actigraphy (Philips Respironics Healthcare, Bend, OR, United States) was used to measure total sleep time, sleep onset latency, and wake after sleep onset (Table 1). Actigraphic sleep data were analyzed as in our prior studies (Dennis et al., 2017; Moreno-Villanueva et al., 2018; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021; Yamazaki et al., 2021a,b).
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FIGURE 1. Five-day experimental protocol. Participants received two nights of baseline with 8-h time in bed (TIB) sleep opportunity (B1, B2; 2300—0700 h). Baseline cardiovascular (CV) measure collection (white arrows) occurred at 0700 h after the B2 night, followed by neurobehavioral test battery (NTB) administration at 1130 and 1730 h (black arrows). Following B2 daytime, participants experienced continued wakefulness for 39 h of total sleep deprivation (TSD, green block). NTB administration occurred at 0400 h during TSD, with CV measure collection at 0800 h and NTB administration at 1130 h. The modified Trier Social Stress Test (TSST, yellow arrow) was administered starting at 1500 h during the TSD day, with CV measure collection and NTB administration after completion at 1700 and 1730 h, respectively. Recovery sleep opportunities were 10 and 8 h TIB (R1 and R2, respectively). The NTB was administered at 1130 and 1730 h during R1 and R2, and CV measure collection occurred at 0700 h of R2.



TABLE 1. Participant characteristics and actigraphic sleep data during the 5-day experiment (Mean ± SD).

[image: Table 1]


Cardiovascular Measure Collections

All echocardiogram and BP measures were collected under highly controlled conditions at six time points: pre-study, B2, the morning of TSD (TSD AM), the evening of TSD (TSD PM), R2, and post-study (Figure 1). All collections were completed at the same time each day (0800 h before eating), except for the TSD PM assessment, which was collected at 1730 h. Pre- and post-study collections occurred 1 day before and 4 or 5 days after the study, respectively, in the same location as collections during the 5-day experiment. All participants fasted for 10 h and for 5 h prior to all five AM collections and the one PM collection, respectively, to maintain consistency across the study and among participants.


Echocardiogram Procedures

One participant collected all cardiac ultrasound images on the other three participants during each study, and a second participant performed the collection on the primary collector. All collectors were highly trained by an echocardiogram specialist prior to the study and followed identical procedures at every time point.

Stroke volume, CI, LVET, and the peak-to-peak interval were derived from Doppler obtained via cardiac ultrasound imaging [GE Vivid q ultrasound system (General Electric Medical Systems, Milwaukee, WI, United States)] in a seated position at all time points (Haites et al., 1985; McLennan et al., 1986; Arbeille and Herault, 1998). Two-dimensional images of the left ventricular outflow tract (LVOT) were collected from each participant using a 5S-RS transducer. The LVOT was imaged from the parasternal long-axis view while the participants were semi-supine in a left lateral decubitus posture. Three to four, two-second cine-loops of dynamic motion of the LVOT were digitally saved. SV was collected utilizing a continuous wave (CW) pencil (Pedof) probe for Doppler interrogation. CW Doppler signals were taken from the ascending aorta at the suprasternal notch in a seated posture. Three 5-s cine-loop sweeps of CW Doppler data were collected and digitally stored as proprietary raw data.

Analysis of the digital data was conducted using Echo PAC PC (BT12) software (General Electric Medical Systems, Milwaukee, WI, United States). LVOT diameters were measured just proximal to the aortic valve leaflet insertion from three consecutive cine-loops at the maximum opening of the aortic valve. Five consecutive CW Doppler waveform profiles were traced to calculate the velocity time integral (VTI). The interval between each maximum peak on the Doppler spectral from the ascending aorta was used to calculate the peak-to-peak time in milliseconds (ms). This peak-to-peak time was used as a surrogate to the R–R interval to calculate HR. The duration of each beat was measured to determine LVET for each SV. The VTI and LVET were then transferred from the Echo PAC software to Excel to calculate SV, HR, and CI using the following formulas:

SV = (LVOT cross sectional area)*VTI

HR = 60/(R−R interval)

CI = [(SV*HR)/1,000]/body surface area



Blood Pressure and Systemic Vascular Resistance

Brachial systolic BP (SBP) and diastolic BP (DBP) were recorded using an Omron BP791IT 10 series Plus Automatic Blood Pressure Monitor with ComFit™ Cuff (Lake Forest, IL, United States) in a seated position on the non-dominant arm. Participants were seated for 3 min before BP collection. The average value of three consecutive readings, taken 1 min apart, was used for analyses. SVRI was calculated by assuming that central venous pressure was zero and by using the following equations (Klabunde, 2012; Norsk et al., 2015):

Mean arterial pressure = (SBP + 2*DBP)/3

SVRI = mean arterial pressure/CI




Neurobehavioral Performance

Each participant completed 11 precise computer-based neurobehavioral testing sessions during the study [Dell Latitude E5420 Laptops; Software: Windows XP; NTB custom reaction time (RT) testing software (Pulsar Informatics, Inc., Philadelphia, PA, United States)]. The neurobehavioral testing battery (NTB) was administered at 1130 and 1730 h each day of the 5-day experiment, with an additional test at 0400 h after a night of TSD (Figure 1). NTB sessions were administered during B1 for practice and were excluded from analyses. The NTB included the 10-min Psychomotor Vigilance Test (PVT) (Basner and Dinges, 2011), an objective behavioral attention test measuring the total number of lapses (RT > 500 ms) and errors (RT < 100 ms) and the Karolinska Sleepiness Scale (KSS) (Åkerstedt and Gillberg, 1990), measuring self-rated sleepiness. The PVT and KSS are highly sensitive and stable, well-validated measures to sleep loss (Basner and Dinges, 2011; Åkerstedt et al., 2014), that show robust individual differences without practice effects (Dennis et al., 2017; Yamazaki and Goel, 2020; Casale et al., 2021; Yamazaki et al., 2021a,b), and have been examined previously in a CV study (Henelius et al., 2014). Resilient and vulnerable individuals were determined by a median split on average PVT total lapses and errors and on average KSS scores from the three NTB sessions during TSD (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020). We dichotomized participants as such, since for initial examination and categorization of novel biomarkers, it is more suitable and applicable to create resilient and vulnerable groups (Chuah et al., 2009; Rocklage et al., 2009; Chee and Tan, 2010; Diekelmann et al., 2010; Patanaik et al., 2015; Yeo et al., 2015; Xu et al., 2016; Moreno-Villanueva et al., 2018; Caldwell et al., 2020; Salfi et al., 2020; Brieva et al., 2021; Casale et al., 2021; Yamazaki et al., 2021b), especially given our sample size. Systematic examination of various approaches and thresholds for assessing differential neurobehavioral vulnerability to sleep loss has also shown that median splits on averaged performance scores, rather than change from baseline or variance in scores, are consistent indicators of resilience and vulnerability during both sleep-deprived and well-rested periods (Brieva et al., 2021; Casale et al., 2021; Yamazaki et al., 2021b), thus further justifying our methods. Table 2 depicts each participant’s resilient or vulnerable status for PVT performance and for KSS scores.


TABLE 2. Resilient and vulnerable group categorizations for each participant (N = 32) for 10-min Psychomotor Vigilance Test (PVT) lapses and errors and Karolinska Sleepiness Scale (KSS) scores.
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Trier Social Stress Test

The TSST is a commonly used and validated test to experimentally induce psychosocial stress (Kirschbaum et al., 1993; Allen et al., 2014). It has been successfully modified and validated using a virtual, rather than a physical audience (Kelly et al., 2007; Ruiz et al., 2010; Helminen et al., 2021). A modified 30-min TSST, which consisted of several challenging interview questions regarding responses to TSD, including those related to performance, aptitude, motivation, and interactions with others, and several difficult cognitive tests, including a 3-min Stroop task and a 5-min calculation task involving counting backward aloud in 13-step sequences, was conducted with participants remotely via audio and a one-way video camera (Moreno-Villanueva et al., 2018).



Statistical Analyses

All statistical analyses were performed using SPSS v22 (SPSS Inc., Chicago, IL, United States), with p < 0.05 considered statistically significant and all statistical tests were two-tailed. Descriptive statistics characterizing the sample and outcome measures, including mean, SD, and SEM, are indicated in the results, table, and figures. Prior studies have found normal distributions for the performance and CV measures examined in this study (Orme et al., 1999; Dennis et al., 2017; Moreno-Villanueva et al., 2018; Yamazaki and Goel, 2020), and other studies have employed appropriate statistics tests, such as ANOVAs and t-tests, accordingly (Kato et al., 2000; Muenter et al., 2000; Sunbul et al., 2014; Lü et al., 2018). Greenhouse–Geisser corrections for degrees of freedom were applied for all repeated measures (RM) analysis of variance (ANOVAs) for all analyses.

A median split on each hemodynamic measure during pre-study defined low and high or short and long (for LVET) pre-study groups. One-way ANOVAs or chi-square tests determined differences in pre-study low/high and short/long groups in age, sex, and body surface area (BSA). RMANOVAs evaluating PVT performance and KSS scores included the factors ‘group’ (low/high or short/long pre-study group) and ‘condition’ [baseline (averaged from the two B2 NTBs), TSD (averaged from the three TSD NTBs), and recovery (averaged from the four R1 and R2 NTBs)], and the interaction ‘condition*pre-study group.’ Post hoc comparisons with Bonferroni corrections were used to detect performance differences between conditions if a significant condition effect was detected (e.g., PVT performance at baseline vs. PVT performance at TSD in the entire sample). Bonferroni-corrected p-values are reported. Post hoc one-way ANOVAs assessed performance differences between pre-study groups at each condition when a significant interaction or group effect was detected (e.g., PVT performance at baseline in the short pre-study LVET group vs. PVT performance at baseline in the long pre-study LVET group). Spearman’s relative rank correlation assessed the relationship between average PVT and KSS responses during TSD.

A median split on average PVT performance and on average KSS scores during TSD and stress determined resilient and vulnerable groups (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020). One-way ANOVAs or chi-square tests determined differences between PVT and KSS resilient/vulnerable groups in age, sex, BSA, and actigraphic sleep characteristics across the study. RMANOVAs evaluating CV measures included the factors ‘group’ (resilient or vulnerable for PVT total lapses and errors or KSS scores) and ‘condition’ (pre-study, baseline, TSD AM, TSD PM, recovery, and post-study), and the interaction ‘condition*PVT/KSS group.’ Post hoc analyses with Bonferroni corrections compared each condition when there was a significant condition effect (e.g., HR at baseline vs. HR at TSD AM in the entire sample). Bonferroni-corrected p-values are reported. Post hoc one-way ANOVAs assessed CV differences between groups at each condition when there was a significant interaction or significant group effect (e.g., HR at baseline in the PVT resilient group vs. HR at baseline in the PVT vulnerable group). One participant was withdrawn from the study during R1 but returned for post-study data collection. All RMANOVAs did not include this individual’s data (N = 31) and all recovery post hoc comparisons did not include this individual’s data (N = 31); however, otherwise this individual’s data were included in analyses to maximize statistical power (N = 32).




RESULTS


Participant Characteristics

There were no significant differences between resilient and vulnerable groups defined by PVT total lapses and errors or KSS scores in age [F(1) = 0.00–0.06, p = 0.809–0.962], sex [χ2(1) = 0.00–0.51, p = 0.476–1.000], or BSA [F(1) = 0.05–0.27, p = 0.608–0.826]. These groups also did not significantly differ in actigraphic total sleep time, sleep onset latency, or wake after sleep onset during the 5-day experiment [F(1) = 0.00–3.47, p = 0.073–0.992], except that the KSS vulnerable group had a small, but significantly shorter sleep onset latency at B1 than the KSS resilient group, [F(1) = 4.38, p = 0.045, difference between KSS resilient and KSS vulnerable groups = 12.75 min] but not at B2 [F(1) = 0.026, p = 0.873], which was the night before TSD. Table 1 shows actigraphic data for the entire sample, for 10-min PVT resilient and vulnerable groups, and for KSS resilient and vulnerable groups—overall, these data indicate the participants were healthy sleepers. In addition, pre-study low and high or short and long (for LVET) defined groups did not significantly differ in age [F(1) = 0.00–1.08, p = 0.307–1.000], sex [χ2(1) = 0.00–2.03, p = 0.154–1.000], or BSA [F(1) = 0.18–2.94, p = 0.097–0.676], except that the pre-study SBP, DBP, and SVRI-defined groups differed by sex composition, with more females in the low pre-study SBP (N = 12) and DBP (N = 11) groups and more females (N = 10) in the low pre-study SVRI group [χ2(1) = 4.57–12.70, p = 0.000–0.033]. In addition, the pre-study SVRI groups differed by BSA composition, with a greater BSA in the high pre-study SVRI group [F(1) = 7.895, p = 0.009].



Sleep Loss and Stress Induced Neurobehavioral Deficits

Total sleep deprivation and psychological stress significantly affected 10-min PVT performance (Figure 2A) and KSS scores (Figure 3A) [F(1.22–1.89, 35.42–54.91) = 28.49–185.43, p’s < 0.001]. As expected, there were large individual differences in neurobehavioral responses to TSD and stress: average 10-min PVT lapses and errors ranged from 1.33 to 36.3 (resilient group mean ± SD: 4.1 ± 1.82; vulnerable group mean ± SD: 14.79 ± 9.62; Figure 2A); average KSS scores ranged from 5.00 to 9.00 (resilient group mean ± SD: 7.02 ± 0.91; vulnerable group mean ± SD: 8.52 ± 0.40; Figure 3A). PVT performance and KSS scores during TSD did not significantly correlate with each other (ρ = 0.29, p = 0.625). Both PVT performance and KSS scores returned to baseline levels with recovery (Figures 2A, 3A).
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FIGURE 2. Changes in 10-min Psychomotor Vigilance Test (PVT) total lapses and errors in all participants and defined by a median split on pre-study left ventricular ejection time (LVET) to total sleep deprivation (TSD) and psychological stress. (A) TSD and psychological stress produced a significant increase in 10-min PVT lapses and errors; there were large individual differences in neurobehavioral responses, whereby some individuals were classified as resilient, and others were classified as vulnerable. PVT total lapses and errors returned to baseline levels with recovery. (B) Comparison of PVT total lapses and errors across the 5-day experiment in short vs. long pre-study LVET (defined by a median split on pre-study LVET values, using RMANOVA). There was a significant condition*pre-study group interaction. Post hoc analyses revealed a trend toward a difference in PVT performance between the short pre-study and the long pre-study LVET groups during the TSD + stress condition, whereby the short pre-study LVET group had better PVT performance than the long pre-study LVET group [F(1) = 3.185, p = 0.087]. For (A,B), the baseline point is an average of two neurobehavioral test batteries (NTBs) during B2, the TSD + stress point is an average of three NTBs during TSD, and the recovery point is an average of four NTBs during recovery days 1 and 2 (pre-study is not depicted because the NTB was not administered during pre-study). For (A), N = 31 for the recovery point due to one participant withdrawn during recovery; all other points are N = 32. For (B), N = 15 in the recovery point of the long pre-study LVET group due to the same participant withdrawn during recovery; all other data points are N = 16. **p < 0.001. Data are mean ± SEM.
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FIGURE 3. Changes in Karolinska Sleepiness Scale (KSS) scores in all participants and defined by a median split on pre-study left ventricular ejection time (LVET) to total sleep deprivation (TSD) and psychological stress. (A) TSD and psychological stress produced a significant increase in KSS scores; there were large individual differences in scores, whereby some individuals were classified as resilient, and others were classified as vulnerable. KSS scores returned to baseline levels with recovery. (B) Comparison of KSS score changes across the 5-day experiment in short pre-study vs. long pre-study LVET groups (defined by a median split on pre-study LVET values, using RMANOVA). There was a significant overall between-subject effect, whereby the long pre-study LVET group reported, on average, significantly greater sleepiness than the short pre-study LVET group. Post hoc analyses revealed that the long pre-study LVET group reported significantly greater sleepiness at baseline and during TSD + stress. For (A,B), the baseline point is an average of two neurobehavioral test batteries (NTBs) during baseline day 2, the TSD + stress point is an average of three NTBs during TSD, and the recovery point is an average of four NTBs during recovery days 1 and 2 (pre-study is not depicted because the NTB was not administered during pre-study). For (A), N = 31 for the recovery point due to one participant withdrawn during recovery; all other data points are N = 32. For (B), N = 15 in the recovery point of the long pre-study LVET group due to the same participant withdrawn during recovery; all other data points are N = 16. *p < 0.05, **p < 0.001. Data are mean ± SEM.




Psychomotor Vigilance Test and Karolinska Sleepiness Scale Profiles Across Total Sleep Deprivation and Stress in Low vs. High or Short vs. Long Pre-study Cardiovascular Groups


Left Ventricular Ejection Time

The short vs. long pre-study LVET groups showed a significant condition*pre-study LVET group interaction across PVT performance during the 5-day experiment [F(1.31, 38.10) = 11.59, p = 0.001] (Figure 2B). Post hoc analyses revealed a trend toward a difference in PVT performance between the short pre-study and the long pre-study LVET groups during the TSD and stress condition, whereby the short pre-study LVET group had better PVT performance than the long pre-study LVET group [F(1) = 3.185, p = 0.087]. There were no significant differences between the short and long pre-study LVET group at baseline or recovery. The short vs. long pre-study LVET groups did not show a significant condition*pre-study group interaction across KSS scores during the 5-day experiment [F(1.89, 54.91) = 1.58, p = 0.216] (Figure 3B). There was a significant overall group difference in KSS scores for the short vs. long pre-study LVET analysis [F(1) = 6.65, p = 0.015]: the long pre-study LVET group reported, on average, greater sleepiness than the short pre-study LVET group. Post hoc analyses revealed that the short and long pre-study LVET groups differed significantly on their KSS scores at baseline and TSD + stress (Figure 3B): the long pre-study group reported greater sleepiness than the short pre-study group at both conditions [F(1) = 4.78–7.89, p = 0.009–0.037].



Seated Stroke Volume, Heart Rate, Cardiac Index, Blood Pressure, and Systemic Vascular Resistance Index

For all other CV measures, the low vs. high pre-study groups did not show any significant condition*PVT group or condition*KSS group interactions [F(1.22–1.89, 35.42–54.91) = 0.17–3.02, p = 0.084–0.834] or overall PVT or KSS group differences [F(1) = 0.01–2.51, p = 0.124–0.920].




Cardiovascular Measure Profiles Across Total Sleep Deprivation and Stress Resilient vs. Vulnerable Groups

All CV measures were within normal, healthy adult ranges (Klabunde, 2012; Cattermole et al., 2017; Shaffer and Ginsberg, 2017).


Seated Stroke Volume

SV showed a significant condition effect [F(3.09, 89.70) = 3.37, p = 0.021]: TSD AM SV was significantly greater than baseline, recovery, and post-study SVs (p = 0.001–0.047) (Figure 4A). SV also showed a significant condition*PVT group interaction [F(3.09, 89.70) = 2.77, p = 0.045], but no significant differences between groups at any condition or an overall group effect [F(1) = 0.05–2.67, p = 0.113–0.817] (Figure 4B). SV also showed a significant condition*KSS group interaction [F(3.22, 93.50) = 3.18, p = 0.025] (Figure 5A).
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FIGURE 4. Seated stroke volume (SV) and heart rate (HR) changes across the study for all participants and defined by a median split on 10-min Psychomotor Vigilance Test (PVT) total lapses and errors. The top row shows SV changes across the study: (A) for all participants and (B) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition effect and condition*PVT group interaction. The bottom row shows HR changes across the study: (C) for all participants and (D) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition effect and condition*PVT group interaction, and the PVT resilient group had significantly greater HR than the vulnerable group at pre-study. N = 31 for recovery points, N = 32 for all other points in (A,C); N = 15 in the resilient recovery point in (B,D) due to one withdrawn participant during recovery; N = 16 for all other data points. *p < 0.05. Data are mean ± SEM.
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FIGURE 5. Seated cardiovascular biomarker changes across the study defined by a median split on Karolinska Sleepiness Scale (KSS) scores. The change across the study was divided by a resilient or vulnerable median split on KSS scores for (A) stroke volume (SV); (B) heart rate (HR); (C) cardiac index (CI); (D) left ventricular ejection time (LVET); (E) systolic blood pressure (SBP); (F) diastolic blood pressure (DBP); and (G) systemic vascular resistance index (SVRI). There was a significant time*KSS group interaction for SV, HR, and LVET. Pre-study LVET was significantly longer in KSS vulnerable than resilient participants. N = 15 in the vulnerable recovery point in (A–G) due to one withdrawn participant during recovery. All other data points are N = 16. *p < 0.05. Data are mean ± SEM.




Seated Heart Rate

There was a significant condition effect for seated HR across the study [F(4.03, 116.90) = 5.96, p < 0.001] (Figure 4C): pre-study HR was significantly higher than TSD AM and recovery HR, and TSD AM HR was significantly lower than TSD PM HR (p = 0.003–0.032). There was a significant condition*PVT group interaction [F(4.03, 116.90) = 5.65, p < 0.001], and PVT resilient individuals had significantly higher HR than PVT vulnerable individuals at pre-study [F(1) = 5.58, p = 0.025] (Figure 4D). There was no significant overall group effect [F(1) = 0.11, p = 0.747]. HR also showed a significant condition*KSS group interaction [F(3.72, 107.94) = 3.55, p = 0.011] (Figure 5B).



Seated Cardiac Index

CI did not show a significant condition effect across the study [F(3.43, 99.38) = 1.70, p = 0.164] (Figure 6A). However, CI showed a significant condition*PVT group interaction [F(3.43, 99.38) = 2.88, p = 0.033], but no significant differences in CI between the resilient and vulnerable groups at any condition or an overall group effect [F(1) = 0.00–3.80, p = 0.061–0.982] (Figure 6B). CI also did not show a significant condition*KSS group effect [F(3.51, 101.69) = 0.27, p = 0.873] (Figure 5C).
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FIGURE 6. Seated cardiac index (CI) and left ventricular ejection time (LVET) changes across the study for all participants and defined by a median split on 10-min Psychomotor Vigilance Test (PVT) total lapses and errors. The top row shows CI changes across the study: (A) for all participants and (B) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition*PVT group interaction for CI. The bottom row shows LVET changes across the study: (C) for all participants and (D) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition effect for LVET. The condition*PVT group interaction was at significance, and the PVT vulnerable group had significantly longer LVET than the PVT resilient group at pre-study and post-study. N = 31 for recovery points, N = 32 for all other points in (A,C); N = 15 in the resilient recovery point in (B,D) due to one withdrawn participant during recovery; N = 16 for all other data points. *p < 0.05. Data are mean ± SEM.




Seated Left Ventricular Ejection Time

LVET showed a significant condition effect across the study [F(4.39, 127.36) = 2.74, p = 0.027] (Figure 6C): baseline LVET was significantly shorter than that at TSD AM (p = 0.022). The condition*PVT group interaction for LVET was at significance [F(4.39, 127.36) = 2.32, p = 0.055], and PVT vulnerable individuals had significantly longer LVET than resilient individuals at pre-study and post-study [F(1) = 4.50–10.18, p = 0.003–0.042] (Figure 6D). There was no significant overall group effect [F(1) = 3.41, p = 0.075]. LVET also showed a significant condition*KSS group interaction [F(4.30, 124.61) = 6.35, p < 0.001]: the KSS vulnerable group had significantly longer LVET than the resilient group at pre-study [F(1) = 7.68, p = 0.009] (Figure 5D).



Seated Blood Pressure

SBP showed a significant condition effect across the study [F(3.41, 98.96) = 5.85, p = 0.001] (Figure 7A): baseline SBP was significantly lower than TSD AM and TSD PM SBP (p = 0.003–0.026), and TSD AM and TSD PM SBP were significantly higher than recovery SBP (p = 0.000–0.031). There was no significant condition*PVT group interaction [F(3.41, 98.96) = 0.85, p = 0.484] or significant overall group effect [F(1) = 0.01, p = 0.913] (Figure 7B). DBP showed a significant condition effect across the study [F(4.17, 120.95) = 5.23, p = 0.001] (Figure 7C): pre-study DBP was significantly higher than baseline and recovery DBP, and TSD AM, TSD PM, and post-study DBP were all significantly higher than recovery DBP (p = 0.005–0.034). There was no significant condition*PVT group interaction [F(4.17, 120.95) = 1.25, p = 0.283] or significant overall group effect [F(1) = 0.01, p = 0.911] (Figure 7D). There were no significant condition*KSS group interactions for SBP or DBP [F(3.35–4.27, 97.11–123.83) = 0.88–1.01, p = 0.406–0.467] (Figures 5E,F).
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FIGURE 7. Seated systolic BP (SBP), diastolic BP (DBP), and systemic vascular resistance index (SVRI) changes across the study for all participants and defined by a median split on 10-min Psychomotor Vigilance Test (PVT) total lapses and errors. The first row shows SBP changes across the study: (A) for all participants and (B) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition effect for SBP. The middle row shows DBP changes across the study: (C) for all participants and (D) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was a significant condition effect for DBP. The bottom row shows SVRI changes across the study: (E) for all participants and (F) divided by a resilient or vulnerable median split on PVT total lapses and errors. There was no significant condition effect across the study for SVRI. There were also no significant condition*PVT group interactions for SBP, DBP, or SVRI. N = 31 for recovery points, N = 32 for all other points in (A,C,E); N = 15 in the resilient recovery point in (B,D,F) due to one withdrawn participant during recovery; N = 16 for all other data points. *p < 0.05, **p < 0.001. Data are mean ± SEM.




Seated Systemic Vascular Resistance Index

SVRI did not show a significant condition effect across the study [F(3.71, 107.68) = 1.01, p = 0.401] (Figure 7E). There was no significant condition*PVT group interaction [F(3.71, 107.68) = 1.67, p = 0.167], or significant overall group effect [F(1) = 0.76, p = 0.390] (Figure 7F). There also was no significant condition*KSS group interaction for SVRI [F(3.82, 110.76) = 0.25, p = 0.900] (Figure 5G).





DISCUSSION

Pre-study LVET differentiated individuals who were resilient or vulnerable during sleep loss and psychosocial stress, whereby individuals with shorter LVET at pre-study had better psychomotor vigilant attention performance during the combination of TSD and psychosocial stress than individuals with longer LVET at pre-study. Moreover, resilient individuals had significantly greater pre-study HR and shorter pre-study LVET than vulnerable individuals. Resilient individuals also had greater SV and CI from baseline through recovery than vulnerable individuals. We show for the first time that LVET differentiates neurobehavioral performance resiliency and vulnerability during TSD and psychological stress. LVET warrants further investigation as a possible biomarker.

For the first time, we show that individuals who had short and long pre-study LVET showed differential changes in these measures across the experiment, evinced by a significant time*pre-study group interaction (Figure 2A). These novel results are parallel to—and thus validate—our finding that the PVT resilient group had significantly shorter LVET at pre-study and post-study than the PVT vulnerable group. The PVT resilient group also had significantly greater HR at pre-study than the PVT vulnerable group. Since LVET is a valid identifier of performance resilience and vulnerability, it may be a key target for identifying and mitigating the numerous negative repercussions of decrements induced by sleep loss and stress (Van Dongen et al., 2006; Howard et al., 2014).

Cardiac index and SVRI did not significantly change with TSD and psychological stress, consistent with prior studies (Kato et al., 2000; Lü et al., 2018). However, seated SV, HR, LVET, and BP all significantly changed with sleep loss and psychological stress as has been shown in some studies (Kato et al., 2000; Meier-Ewert et al., 2004; Zhong et al., 2005; Sauvet et al., 2010; Sunbul et al., 2014; Lü et al., 2018; Bourdillon et al., 2021; Bozer et al., 2021; Cernych et al., 2021), but not others (Kato et al., 2000; Sauvet et al., 2010; Bourdillon et al., 2021; Bozer et al., 2021). Discrepancies in study findings may be due to differences in the severity of TSD and/or stress conditions or in hemodynamic collection methods such as the angle dependency of Doppler. However, R–R timing measures derived from Doppler are independent of angle correction and similar to direct R–R interval measures derived from electrocardiography or applanation tonometry.

Notably, standing SV, HR, CI, and LVET were also measured 3 min after the seated measures but were not reported in the main results. SV, LVET, and BP were all lower than their respective seated measures, an expected finding considering volume shifts in participants who had been fasting. Inversely, HR increased as a compensatory mechanism to adequate perfusion, thus decreasing R–R interval (Klabunde, 2012). Additionally, with a few minor exceptions, there were no significant differences in changes from seated to standing measures at any condition between the resilient and vulnerable groups, reflecting the fact that all participants were at equivalent baseline volume status. The differences between the vulnerable and resilient groups can thus be attributed to inherent group differences in response to TSD and stress, underscoring the validity of the data collected. Also, of note, the PVT and KSS performance results are similar to findings obtained in our sleep deprivation studies conducted in the laboratory (Dennis et al., 2017; Yamazaki and Goel, 2020; Casale et al., 2021; Yamazaki et al., 2021a,b).

We hypothesize that individuals with shorter pre-study LVET, who may be resilient to TSD and stress, may have a basal CV system that is in an “overdrive” aroused state marked by greater sympathetic activity. However, when these individuals experience stressful situations, such as acute TSD and psychological stress, parasympathetic activity increases, bringing autonomic balance into an optimal state and moderating the toll of these potent stressors, thereby maintaining performance. Additionally, it is possible that differences in preload and after load may be mediating the differences in CV status between the resilient and vulnerable groups. Future studies should test these hypotheses. Furthermore, past studies support our hypothesis regarding optimization of autonomic balance to maintain performance. Barber et al. (2020) found similar results to those in our study: participants with longer mean interbeat interval, thus lower HR, and greater parasympathetic activity had better performance during an attention task and cortical activity increased with elevated parasympathetic arousal during this task. Additionally, a study by Chua et al. (2014) found that individuals with lower HR during TSD had worse performance during this time, which is contrary to our findings and those of Barber et al. (2020). None of these studies implemented both TSD and stress, and it is possible that the synergistic combination of stressors changes autonomic balance and its effects on performance compared to a single stressor. Future research is needed to systematically explore the optimization of autonomic balance in order to maintain neurobehavioral performance.

Notably, the SV, HR, and LVET changes across the study conditions in PVT resilient and vulnerable groups were similar to those in KSS resilient and vulnerable groups, as evinced by significant time*PVT/KSS group interactions for each CV measure. This is despite the fact that the PVT, a behavioral attention measure, and the KSS, a self-reported sleepiness measure, represent two vastly different neurobehavioral performance domains (Dennis et al., 2017; Yamazaki and Goel, 2020). Moreover, those individuals categorized as resilient by the PVT were not necessarily categorized as resilient by KSS, as shown in this and other studies (Dennis et al., 2017; Yamazaki and Goel, 2020). Our findings therefore suggest a common underlying mechanism of resilience, which may be linked by the hemodynamic measures examined in this study. Further research should explore how CV measures may be related to or differentiate resilience and vulnerability using objective performance measures other than behavioral attention (e.g., memory, cognitive throughput, etc.), since, similar to the lack of association between objective and subjective measures (Dennis et al., 2017; Yamazaki and Goel, 2020), the vulnerability to such tasks during sleep loss is not necessarily related to PVT performance (Frey et al., 2004; Tkachenko and Dinges, 2018).

During TSD AM, which may be the most difficult time to remain alert due to the circadian nadir (Goel et al., 2009), a sharp increase in SV and decrease in HR from baseline occurred in resilient participants. These inverse changes maintained the stability of CI in the resilient group. However, in the vulnerable group, although SV increased from baseline by a similar magnitude as in resilient participants, it was not matched by a decrease in HR. Thus, CI in vulnerable participants fluctuated across the study, and perhaps put those individuals at risk for cognitive decrements. Similarly, the KSS resilient participants had a large increase in SV from pre-study to TSD AM and also maintained CI stability. It is unclear whether HR or SV drove the change in the other measure and maintained CI in the resilient group.

Of note, post-study HR failed to return to pre-study levels in the PVT resilient group. Yang et al. (2019) showed that at least three nights of recovery sleep are needed to fully restore autonomic functions that regulate the CV system. This may partially explain the lack of HR recovery in the PVT resilient group, though further research is needed to determine why this pattern was not observed in the vulnerable group. Additionally, our study’s semi-isolated environment may have affected recovery length by changing brain structures in resilient individuals (Cromwell et al., 2021; Mhatre et al., 2021). Stahn et al. (2019) found that individuals had decreased brain and gray matter volume at the end of a 14-month isolation period, which recovered to pre-study levels 1.5 months after the end of the isolation. These structural changes may have occurred in our study and induced changes to autonomic control of the CV system, albeit within a shorter time frame. Our larger sample size may have provided more power to detect different CV recovery lengths in resilient versus vulnerable individuals, that were dependent on structural changes from isolation. Future studies are needed to examine this possibility.

Similarly, further research is also needed regarding the underlying correlates and neural dynamics of differential vulnerability to sleep loss, particularly in relation to various neurobehavioral measures and biomarkers. Previous work has identified the brain regions that are recruited by certain neurobehavioral metrics and determined how sleep deprivation affects these associations. For example, the PVT has been found to primarily recruit regions involved in vigilant attention (i.e., the prefrontal cortex, the inferior parietal cortex, the motor cortex, and the visual cortex) (Nasrini et al., 2020; Smith et al., 2021) and the KSS has been shown to primarily recruit regions involved in attention and sensory transmission (i.e., the thalamus and the right middle frontal gyrus) (Sun et al., 2020; Motomura et al., 2021). Though these findings are promising, more research is needed to identify reliable neural signatures of neurobehavioral resilience and vulnerability to sleep deprivation (Chee and Tan, 2010; Li et al., 2020; Zhu et al., 2020).

There was a significant condition effect across the study for both SBP and DBP, with increases in BP during TSD AM and PM, confirming that sleep deprivation and psychosocial stress have a detrimental effect on BP. However, resilient and vulnerable individuals did not have differential patterns in BP change across the study. The lack of differences may be due to the resilient and vulnerable groups maintaining BP by different mechanisms. The resilient group may have increased BP by increasing SV and LVET efficiency, while the vulnerable group may have used mechanisms other than SVRI to maintain BP. Since BP is prone to moment-to-moment fluctuations, we may not have been able to detect the differences between resilient and vulnerable individuals across the study (O’Brien et al., 2003). Thus, in our study, BP was not a valid measure to identify and differentiate resilient versus vulnerable individuals to TSD and stress.

Notably, all the CV measures we collected in this study showed a time-of-day effect (Cugini et al., 1993; Morris et al., 2013; Thosar et al., 2018). The changes in most of these measures from TSD AM to TSD PM in both the resilient and vulnerable groups were generally of the same magnitude. Thus, the resilient and vulnerable groups were likely not differentially affected by sleep loss and stress in terms of time-of-day, attributing the varying changes in resilient and vulnerable groups to other mechanisms.

Resilient and vulnerable groups showed differential cardiac reactivity to the stress of sleep deprivation and psychological stress conditions. Acute psychological stress typically increases HR and BP (Allen et al., 2014), yet there are individual differences in cardiac stress reactivity and differential consequences. Blunted reactivity to psychological stress is associated with obesity, self-reported negative health, and depression (Carroll et al., 2017; Turner et al., 2020). Exaggerated reactivity also has adverse long-term consequences to health via development of CVD (Carroll et al., 2017; Turner et al., 2020); however, in the case of performance during sleep loss and stress, exaggerated cardiac reactivity seems to be beneficial. This is exemplified by the resilient group’s more drastic increases in SV and LVET and decrease in HR from pre-study to both TSD AM and TSD PM than in the vulnerable group. The resilient group’s exaggerated response to sleep deprivation alone and in combination with the TSST may protect against attentional impairment. Thus, there may be a trade-off to resilience and vulnerability: vulnerable individuals may not perform well when sleep deprived but may have less risk for future adverse health outcomes because of their less extreme reactivity. Conversely, the resilient group may have greater risk for future adverse health outcomes, but also may perform better when they are sleep deprived. Future studies are needed to test these hypotheses.

Our study was conducted in NASA’s HERA mission, which is useful for examining the behavioral and physiological health impacts of various stressors, including sleep deprivation and isolation experienced during spaceflight (Barger et al., 2014; Cromwell et al., 2021; Mhatre et al., 2021); thus, our results demonstrate the importance of considering interindividual differences in vulnerability to sleep loss and stress between astronauts enduring both short and long duration missions. The current results are similar to findings comparing CV measures collected on the ground pre-spaceflight to measures collected post-long-duration spaceflight (Norsk et al., 2015). These parallels are advantageous for better predicting CV changes resulting from long-duration spaceflight, which inevitably includes sleep deprivation and psychosocial stress (Barger et al., 2014; Cromwell et al., 2021; Mhatre et al., 2021). Norsk et al. (2015) found that SV increases with long-duration spaceflight, as was observed in our current experiment, thus demonstrating the potential application of predicting decrements to sleep loss and stress using CV measures in long-duration space missions.

There are a few limitations to this study. All participants in the study were healthy adults. Thus, these data may not be generalizable to clinical populations or to older adults in which lower basal cardiac output has been related to worse cognitive decline (Bown et al., 2020). Our findings may also not be generalizable to scenarios that do not involve isolation; however, isolation is required in studies investigating neurobehavioral and hemodynamic changes in high-fidelity space analogs, such as the present study, in order to simulate space flight conditions. Our results are limited to individual differences during sleep loss on the 10-min PVT and KSS, and our relatively small sample size did not allow for exploration of individual differences in a potential dose-response relationship. Furthermore, we used a median split to classify individuals as resilient or vulnerable or in pre-study low and high groups, which is a commonly utilized method in our field (Chuah et al., 2009; Rocklage et al., 2009; Chee and Tan, 2010; Diekelmann et al., 2010; Patanaik et al., 2015; Yeo et al., 2015; Xu et al., 2016; Moreno-Villanueva et al., 2018; Caldwell et al., 2020; Salfi et al., 2020), although other methods, such as tertile (Chua et al., 2014; Kong et al., 2015) or quartile splits (Chua et al., 2019), have also been utilized. Additionally, VTI of the CW wave form of the ascending aorta was used as a surrogate measure for LVOT VTI. Although echocardiography is a well-validated method to obtain SV, HR, CI, and LVET, using spectral analysis from electrocardiography may obtain a better picture of potential autonomic balance differences between resilient and vulnerable groups. Moreover, the short fasting period prior to biomarker collection may have slightly impacted CV measure outcomes, though this was necessary to maintain consistency throughout the experiment. Lastly, there was a small difference in sleep onset latency between KSS resilient and vulnerable groups on B1, but not on B2; this finding may suggest vulnerable individuals were sleepier on the first, but not the second night of the 5-day experiment, although we did not use a physiological measure of sleepiness (e.g., Maintenance of Wakefulness Test or Multiple Sleep Latency Test) to assess this explicitly.

Our results open the door for research investigating whether pre-study LVET is a biomarker and may identify individual differences in metabolic responses to sleep loss (Spaeth et al., 2015), or be used in conjunction with genetic (Casale and Goel, 2021) and omic studies to further understand the biological factors underlying individual differences in response to TSD and stress (Goel, 2015). We show, for the first time, pre-study LVET differentiates deficits in neurobehavioral performance during TSD and psychosocial stress, may serve as a biomarker, and may inform future health risks.
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Were astronauts forced to land on the surface of Mars using manual control of their vehicle, they would not have familiar gravitational cues because Mars’ gravity is only 0.38 g. They could become susceptible to spatial disorientation, potentially causing mission ending crashes. In our earlier studies, we secured blindfolded participants into a Multi-Axis Rotation System (MARS) device that was programmed to behave like an inverted pendulum. Participants used a joystick to stabilize around the balance point. We created a spaceflight analog condition by having participants dynamically balance in the horizontal roll plane, where they did not tilt relative to the gravitational vertical and therefore could not use gravitational cues to determine their position. We found 90% of participants in our spaceflight analog condition reported spatial disorientation and all of them showed it in their data. There was a high rate of crashing into boundaries that were set at ± 60° from the balance point. Our goal was to see whether we could use deep learning to predict the occurrence of crashes before they happened. We used stacked gated recurrent units (GRU) to predict crash events 800 ms in advance with an AUC (area under the curve) value of 99%. When we prioritized reducing false negatives we found it resulted in more false positives. We found that false negatives occurred when participants made destabilizing joystick deflections that rapidly moved the MARS away from the balance point. These unpredictable destabilizing joystick deflections, which occurred in the duration of time after the input data, are likely a result of spatial disorientation. If our model could work in real time, we calculated that immediate human action would result in the prevention of 80.7% of crashes, however, if we accounted for human reaction times (∼400 ms), only 30.3% of crashes could be prevented, suggesting that one solution could be an AI taking temporary control of the spacecraft during these moments.

Keywords: spaceflight analog, crash prediction, spatial disorientation (SD), dynamic balance, vehicle control, deep learning—artificial neural network (DL-ANN), vestibular


INTRODUCTION

Spatial disorientation occurs when pilots have an inaccurate perception of their position, motion or attitude and is caused by a variety of factors (Poisson and Miller, 2014). Studies have estimated that 90–100% of pilots have experienced it (Newman, 2007; Gibb et al., 2011). A majority of fatal aircraft accidents caused by spatial disorientation occur when pilots are unaware that they are disoriented (Braithwaite et al., 1998). Astronauts will similarly be susceptible to spatial disorientation during gravitational transitions such as when landing on the surface of a planet or the Moon (Shelhamer, 2015; Clément et al., 2020) because they will not have access to familiar gravitational cues and they will have previously undergone sensorimotor adaptions to weightlessness which are not fully understood. Long duration spaceflight will also add multiple simultaneous stressors, such as radiation, psychological problems (e.g., isolation, anxiety, depression), physiological changes (cardiovascular, bone, muscle, visual, and vestibular systems), which may heighten the effects of spatial disorientation (Clément et al., 2020). Despite improvements in technology, rates of spatial disorientation are not significantly reducing (Daiker et al., 2018). There are very few studies that have attempted to develop an alerting system that can predict crashes when a pilot is disoriented. Daiker et al. (2018) proposed a proof-of-concept idea for NASA’s Cost Effective Devices for Alerting Research (CEDAR), where they used a model of the vestibular system, aircraft dynamics, and sensors to create a predictive alerting model. Though deep learning has been used successfully in predicting the outcome of manual control errors (Zgonnikova et al., 2016), no study has used deep learning methods such as artificial neural networks to predict crashes in situations where participants are spatially disoriented. Our study is in line with the NASA Human Research Program Roadmap revised July 2021 (NASA, 2021) that lists “Sensorimotor Manual Control Countermeasure Development” as a critical task and designates two critical research gaps: (1) “Characterize the effects of short and long-duration weightlessness on manual control (fine motor control) after G transitions.” (SM-102), and (2) “Develop and test manual control countermeasures, such as vibrotactile assistance vest, and other human factors aids” (SM-202). The Roadmap citation describing such countermeasures explicitly mentions the use of AI targeting human-automation task sharing. Attempts to address these gaps under operational spaceflight conditions have been hampered by the limited access to astronauts close to the G transition of landing (Moore et al., 2019), and the Roadmap explicitly calls for studies like ours with relevant partial analogs.

We created a spaceflight analog task that led to disorientation by securing blindfolded participants into our Multi-axis Rotation System Device (MARS) in the horizontal roll plane (Figure 1). In this plane, participants do not tilt relative to the gravitational vertical and as a result cannot use gravity dependent otolith and somatosensory shear forces to obtain a sense of their angular position. To determine their angular position, they can only use motion cues detected by the semicircular canals and rapidly adapting somatosensory receptors. We programmed the MARS with inverted pendulum dynamics because of its relevance to unstable vehicle control. Participants were instructed to use an attached joystick to stabilize themselves around the balance point (θ = 0°) (Panic et al., 2015, 2017; Vimal et al., 2016, 2017, 2018, 2019). Crash boundaries were set at ± 60° from the balance point, and when it was reached the MARS would reset back to the balance point. In this condition, 90% of participants reported spatial disorientation and all of them showed it in their data as a pattern of positional drifting. Compared to the control condition (Vertical Roll Plane, where gravitational cues from tilt were available), the rate of crashes was significantly higher and collectively participants in the horizontal roll plane showed poor performance and minimal learning across trials (Vimal et al., 2017, 2019). Our goal was to train and compare recurrent neural networks (RNN) and non-RNN deep learning models to predict the occurrence of crashes before they happened in our disorienting spaceflight analog task.


[image: image]

FIGURE 1. MARS in the horizontal roll plane with the balance point at θ = 0°.




MATERIALS AND METHODS


Data Collection

To build the deep learning models we used data from Vimal et al. (2017; 2019; 2020).


Participants

34 healthy adult participants (18 females and 16 males, 20.4 ± 2.0 years old) gave written consent to participate in the experiments approved by the Brandeis Institutional Review Board. In our prior work (Vimal et al., 2020) we showed that these participants span a large range of learning and performance and could be clustered into three groups: Proficient, Somewhat Proficient and Not Proficient. The Proficient group showed significant learning across trials for majority of our metrics, whereas the Not-Proficient group acquired a suboptimal strategy that led to worsening performance in most metrics over time.



Equipment

The MARS was programmed with inverted pendulum dynamics about a horizontal roll axis (Figure 1) using the equation, [image: image], where θ is the angular deviation from the direction of balance (DOB) in degrees, and kP is the pendulum constant. To make the task challenging, we used a pendulum constant of 600°/s2 (≈0.52 Hz) based on our prior work (Vimal et al., 2016, 2017, 2018, 2019). “Crash” boundaries were set at ± 60° from the direction of balance. Angular velocity was limited to ± 300°/s, and angular acceleration to ± 180°/s2. At every time step (∼0.02 s), a velocity increment proportional to the joystick deflection was added to the MARS velocity and computed by a Runge-Kutta RK4 solver (Lambert, 1973) to calculate the new MARS angular position and velocity.



Procedure

Participants were blindfolded and wore noise canceling headphones that played white noise. They were secured in the MARS with a five-point harness, a lap belt, lateral support plates and foot straps (Figure 1). Their heads were stabilized using a U-shaped frame cushioned with foam that was attached to the MARS. To prevent visual or auditory cues, they were blindfolded and wore earplugs and noise canceling headphones that played white noise. A Logitech Freedom 2.4 cordless joystick was attached to the right arm rest and a “kill switch” that the participant could press to stop the experiment was attached to the left arm rest. No participant ever used the kill switch.

Prior to data collection, participants watched a video of a person balancing the MARS in the horizontal roll plane and of the MARS reaching the “crash boundaries” at ± 60° from the balance point and then resetting. They were told that the MARS behaved like an inverted pendulum and they were instructed to use the joystick to minimize oscillations about the balance point, which was always at 0° (their starting position). The trial started with an auditory “begin” and whenever participants reached the crash boundaries, they heard “lost control, resetting.” As the MARS automatically reset to the start position at a rate of 5°/s, the joystick was disabled. Once at the reset position, which was always 0°, they heard an auditory “begin” command and the joystick was simultaneously enabled. Participants balanced in two sessions conducted on consecutive days. On each day they underwent five blocks of four trials, with each trial consisting of 100 cumulative seconds of balancing, excluding the reset times after crashes, or a total elapsed time of 150 s. After every four trials participants were brought to an upright orientation and were given a 2 min break during which they were questioned about any symptoms of motion sickness. They were given no verbal feedback about their performance.




Crash Prediction by Deep Learning

Our goal was to predict the occurrence of crashes before they happened. We used a classification approach where we took windows of data (MARS angular position and velocity, and joystick deflection) and then predicted whether a crash would happen later or not (i.e., classified the data segment as leading to a crash or non-crash). We trained deep learning models, which is a machine learning method that uses models consisting of artificial neural networks. Deep learning models can automatically extract often obscured patterns in intricate, high-dimensional data of large quantity (LeCun et al., 2015), thereby qualifying as excellent choices for our classification task.


Preprocessing Data Into Episodes

First we extracted all of the segments of data (angular position, velocity, and joystick deflection) that were continuous, under human control, and did not have any crashes. We refer to these segments of data as episodes and Figure 2 provides an example, which shows the characteristic pattern of positional drifting (in black) where a representative participant oscillates away from the balance point at 0° until they hit the crash boundary at 60°. By this definition, there were 21,469 episodes in total. We split all of the episodes so that 90% of them (19,322 in total) were used as the training set to train the deep learning models and the rest (2,147 in total) were used as the test set to evaluate the effectiveness of the models.


[image: image]

FIGURE 2. A segment of trial data from a representative participant showing angular position (black), angular velocity (red) and joystick deflection (blue). The characteristic pattern of positional drifting can be seen to end with the participant hitting the crash boundary at 60°.


For every episode, to generate training samples, we slid a fixed size window from a crash event to the next one and extracted the MARS angular position, MARS angular velocity and joystick deflections (Figure 3). This process excluded the windows that overlapped with the MARS’ resetting times (after a crash, the MARS resets to the 0° point and participants have no control). A sample was labeled as a “crash” if a crash happened within the “time-in-advance” interval, e.g., in Figure 3, “sliding window 2” would be labeled as a crash. Otherwise, it was labeled as a “non-crash,” e.g., sliding window 1 in Figure 3. These windows were used as input and the labels as the correct answer, in order to either train the model to predict the correct label or to evaluate whether the trained model predicted the label correctly.


[image: image]

FIGURE 3. When training the model, sliding windows between crash events sent data to the model along with either a 0 or 1 to indicate whether a crash occurred in the time-in-advance. During testing, the sliding window inputted data to the model and the model output whether a crash would occur or not in the time-in-advance duration.


Previous work found, unexpectedly, that a percentage of joystick deflections were made in the same direction as MARS angular position and velocity, accelerating the MARS toward rather than away from the crash boundaries. These are called “destabilizing joystick deflections” and are indicative of non-proficient control patterns (Vimal et al., 2020). Because of their importance, we engineered destabilizing joystick deflections as an additional feature where it was defined as a Boolean feature that was true if position, velocity, and joystick deflection all had the same sign. That is, for any given sliding window, for every time point, we extracted MARS angular position, velocity and joystick deflections, and in addition, for every time point, we had either a 0 (not a destabilizing joystick point) or a 1 (destabilizing joystick point).

To prevent data leakage where portions of the same data were used in both the training and testing phases, we made certain that all sliding window samples from a given episode were either in the training pool or the testing pool, but not both.



Deep Learning Algorithms

There exist a wide variety of deep learning models, each suitable for a different range of tasks. For our classification task on time-series data, to enable shorter latency in future real-world implementations where computational resources may be limited, we opted for models with lower complexity and implemented multilayer perceptron (MLP), convolutional neural network (CNN), long short-term memory (LSTM), gated recurrent unit (GRU), stacked LSTM and stacked GRU. All models mentioned in this paper were built with Keras and TensorFlow and used binary cross-entropy as the loss function and sigmoid as the activation function for the final output layer. The descriptions of the hardware and the training procedure can be found in Supplementary Material.


Multilayer Perceptron

The MLP is the classical type of deep learning neural network. It usually contains a few feed-forward fully connected layers of neurons (Rosenblatt, 1961).

After manual tuning, the chosen MLP consisted of five layers—an input layer, three hidden layers, and an output layer. The input layer flattens the input data matrix into a vector. The vector is then passed through the hidden layers, which each has 50 neurons and rectified linear unit (ReLU) as its activation function.



Convolutional Neural Network

The CNN works well with data that has spatial relationship. It was originally developed for image processing (LeCun et al., 1989) and can also be applied to processing temporal sequences (e.g., Kim, 2014). It uses convolution kernels to slide along input sequences and pooling layers to down-sample kernel output; CNN therefore can provide time-invariant responses, meaning that it can be sensitive to similar input patterns that appear at different time steps.

The structure of the optimized CNN in this experiment was as follows: the first convolution layer (implemented with Conv1D) had 128 filters of size 3 and a stride of 1, with ReLU as its activation function, and padding such that the output had the same length as the input; this convolution layer was then followed by a max pooling layer of size 2. Then, the output of the first max pooling layer was passed to another set of convolution layer and max pooling layer that was the same as the first convolution layer except for having 128 files of size 4. Before the final output layer, the result of the second max pooling layer was then flattened and passed to a feedforward neural network with 100 neurons and ReLU as its activation function.



Long Short-Term Memory

The LSTM model is one type of recurrent neural network (RNN) which feeds the outputs, namely cell state and hidden state, of previous time steps back onto itself (Hochreiter and Schmidhuber, 1997). An LSTM module contains three gates (i.e., input gate, output gate, and forget gate) which control the information flow throughout the module and allow it to keep track of longer-term dependencies in the input sequences in contrast to classic recurrent neural networks.

The following describes the configuration of the LSTM model after manual optimization. The LSTM had a hidden layer of size 100, and the final hidden state output of the LSTM model was passed to a dropout layer with a rate of 0.5, followed by a fully connected layer of size 128 with Rectified Linear Unit (ReLU) activations. The final output layer was added after the fully connected layer.



Gated Recurrent Unit

The GRU model is another type of RNN, similar to LSTM in terms of using gates to control its internal information flows. Unlike LSTM, GRU does not have a separate cell state and only has a hidden state (Cho et al., 2014). This simplification makes a GRU have fewer parameters than a LSTM, and hence sometimes easier to train.

The following describes the configuration of the GRU model after manual optimization. Similar to the LSTM model in our experiment, the GRU module had a hidden layer of size 100, and its output was passed to a dropout layer with a rate of 0.5, followed by a fully connected layer of size 128 with Rectified Linear Unit (ReLU) activations and the final output layer.



Stacked Recurrent Neural Networks

In addition to using a single RNN module in the mode, we also experimented with including additional modules stacked on top of the original one, namely, stacked LSTM and stacked GRU.

A stacked LSTM stacks multiple LSTMs on top of one another (Pascanu et al., 2013; Sha and Hong, 2017; Peters et al., 2018). A LSTM in a top layer takes the hidden state outputs of the LSTM below it and feeds its outputs to another LSTM above it. This arrangement allows the whole model to capture longer and multiple-resolution time-dependencies.

We trained with a double-layer stacked LSTM, which had two LSTM modules stacked as described. Both modules had hidden states of size 100. We then took the hidden state output of the top-layer LSTM and fed it to a fully connected layer of 128 neurons with ReLU activations, followed by the final output layer.

A stacked GRU adopts the same stacked architecture of a stacked LSTM but with two GRU modules (Sun et al., 2020).

The double-layer stacked GRU model trained in our experiment was similar to the stacked LSTM model with both modules having hidden states of size 100. The final hidden state output passed to a 128-neuron, ReLU activated fully connected layer, then eventually passed to the final output layer.



Non-deep Baseline Model

In addition to the deep learning algorithms, we also implemented the simple linear classifier (Cox, 1958), which transforms a simple linear combination of the input features to the output by a sigmoid function. This model provides a baseline for our comparisons. We will demonstrate that simple linear models do not perform as well as deep learning models in complex tasks such as our spaceflight analog condition. A significant advantage of using deep learning approaches is that they can be applied to the raw inputs and achieve similar or better performance.




Cross Validation

To determine how well our models were performing against each other on the training set and how the best model could perform on an unseen test set, we evaluated the deep learning classifiers with 10-fold cross-validation (CV). In 10-fold CV, the training dataset is divided into 10 non-overlapping subsets. We used each subset to evaluate a model trained on the other nine subsets. Finally, we took the metrics averaged over 10 folds as an estimate of how the model would perform on the entire training set. After we identified the best model with the highest CV metrics, we kept the model from the best performing fold for final evaluation on the test set.



Evaluation of Model Performance

We evaluated model performance initially with “Area Under the Receiver Operating Characteristic Curve” (AUC), a threshold invariant metric for model selection during 10-fold CV. In our case, AUC represents the probability that the model ranks a random non-crash example as less likely to crash than a random crash sample, which is the desired behavior. Therefore, a higher AUC would mean that the model is better trained and separates crash samples more clearly from non-crash samples.

While high AUC may reflect how well the model distinguishes the positive and negative labels, it does not provide a full view of how useful the model would be in practice, where cost-driven threshold tuning is crucial. For example, in aviation and spaceflight applications, false negatives will have much higher costs than false positives. Table 1 illustrates the four types of predictions. False negatives, where the model incorrectly predicts that no crash will occur, may lead to death, depending on how the algorithm decision is implemented (warning to pilots vs. pilot override). In contrast, false positives, where the model incorrectly predicts that a crash will occur, will result in the pilot being on alert. Therefore, in our spaceflight analog task, we want to minimize false negatives. There are two measures that allow us to quantify these concepts:


TABLE 1. Definition of the four types of prediction.

[image: Table 1]
Recall is defined by:

[image: image]

Thus, a higher recall in our application means a higher percentage of all crash samples being correctly classified as crashes by the model, hence fewer missed crashes.

Precision is defined by:

[image: image]

In our application, a higher precision means higher percentage of the model’s crash predictions are correct.

When evaluating the same model, as we move the model’s decision threshold to different values, we would have different pairs of precision and recall values. One common way to evaluate using these threshold sensitive metrics is to set a predefined value on either precision or recall and calculate the corresponding value of the other metric. Based on the cost analysis and definitions above, when evaluating the performance of our models, we prioritized minimizing false negatives and we preferred models with a high recall value, which we set to be 95%. At a recall of 95%, we then looked at which models had greater precision and we refer to this selection criteria as P@0.95R.





RESULTS


Model Selection

We applied 10-fold cross-validation, AUC, and precision at recall to evaluate the performance of our approach. In addition to prediction accuracy, we also wanted to predict crashes as early as possible.

Table 2 shows the P@0.95R averaged over 10-fold CV for each window size, time-in-advance duration, and model type combination. We found that the simple linear model performed extremely poorly when compared to the deep learning models when there are only raw machine readings (i.e., angular position and velocity, joystick deflection) and one manually engineered Boolean feature (destabilizing joystick deflections) available without extensive feature engineering. The advantage of using deep learning models is that they can automatically learn representations (i.e., features) from the same raw data with minimal feature engineering and achieve much better results.


TABLE 2. Precision at 0.95 recall (P@0.95R) scores averaged over 10-fold cross-validation for each model type, window size, and time-in-advance combinations.

[image: Table 2]
Among the deep learning models in Table 2, we found lower precision values for the set value of 95% recall for non-RNN such as MLP and CNN. We determined stacked GRU to be the best based on the following reasons. Overall, stacked-RNNs performed somewhat better than single-layer RNNs in terms of CV results. Furthermore, we chose stacked GRU for detailed examination because the time to train a stacked GRU (average 12.63 h per 10-fold CV) is much shorter than stacked LSTM (average 15.01 h per 10-fold CV), without notable degradation in evaluation metrics. Therefore we chose stacked GRU because it performed better than single layer RNNs and performed at the same level as LSTM while taking less computational time. Figure 4 shows the detailed architecture of the chosen stacked-GRU model.


[image: image]

FIGURE 4. The final crash prediction model. (A) A close-up of the GRU cell; pink circles represent element-wise matrix operations, yellow blocks represent the activation functions. It is recurrent in that the hidden state of the previous time step (ht–1) is fed back to the same GRU unit to generate the new hidden state at the current time step (ht) (B) the two GRU modules in the stacked GRU model unroll to process the data at each time step in the input window and produce a prediction of whether a crash will happen. At time t, GRU1 takes feature values (xt) as input, while GRU2 takes the hidden state output as its input. After the last time step, the hidden state output of GRU2 (h’L) is passed to a feedforward neural network to generate a prediction.




Time-in-Advance Prediction

We chose a data window size of 1,000 ms to capture enough joystick behavior because participants on average make full joystick deflections at 1–2 Hz (Vimal et al., 2016, 2017, 2018). Additionally, we did not find large changes in model performance with different data window sizes (see Supplementary Figure 1).

We found a tradeoff between recall and precision in all model types, where setting a higher recall empirically resulted in a lower precision (e.g., stacked GRU as shown in Figure 5). Greater time-in-advance durations resulted in lower values of precision (Figure 5).


[image: image]

FIGURE 5. Precision at different recall values and time-in-advance durations, for stacked GRU at 1,000 ms window size.


We wanted time-in-advance duration to be as long as possible, so that crash prediction can be generated as soon as possible. As a summary number for prediction capability, we chose 800 ms as the best time-in-advance duration which resulted in a 10-fold CV AUC of 0.9927 ± 0.0006 and P@0.95R of 0.5432 ± 0.0203. The model takes on average 30 ms to classify one data window on a 2.5 GHz Intel Xeon CPU, which should impose few latency issues on real-time implementation.



Analysis of Results at High Recall

To further understand our model’s capabilities, we examined those crashes that were misclassified as non-crash (i.e., false negatives) by the model even at a recall as high as 95%. In Figure 6, we plotted the rate of the model misclassifying crash samples as non-crash (blue) and non-crash samples as crashes (orange), grouped by the farthest the participant had been from the balance point in the data window, i.e., the largest magnitude of angular position. We found that the crashes which were the hardest for the model to correctly identify were those that occurred when participants were near the balance point (0°) where over 46% of crash samples were mislabeled as non-crashes.


[image: image]

FIGURE 6. Percentage of misclassified crash samples (blue) or non-crash samples (orange) out of all samples within a range of the largest magnitude of angular positions in the data window.


To understand what caused a crash at such a seemingly safe location of the 0° point, we examined the data in the 800 ms time-in-advance duration following these false negative inputs, i.e., outside of the 1,000 ms sliding window data available to the model. We found that participants were making destabilizing joystick deflections in the time-in-advance duration that led to the crashes. Table 3 shows that the percentage of destabilizing joystick deflections in the time-in-advance duration was the greatest for false negatives (Table 3), meaning that participants often made unexpected destabilizing joystick deflections in the time-in-advance portion which was unavailable to the model. This suggests that the reason the model predicted “no crash” was because the participants were performing well near the balance point but then unexpectedly initiated a destabilizing joystick deflection because they were disoriented and did not have a clear sense of their orientation. True positives had the smallest percentage because critical errors had already been made which would lead to a crash.


TABLE 3. Percentage of predictions containing unexpected destabilizing joystick deflection in time-in-advance duration.

[image: Table 3]
Figure 6 also revealed that false positives (model incorrectly predicted a crash would happen) were more likely to occur at large angular positions near the crash boundaries (±60°). Because we prioritized reducing false negatives (having a high recall), we had a higher rate of false positives (low precision). To further understand when false positives occurred, in Figure 7, we created a density map of angular position and velocity. We found that false positives had higher angular position and velocity, suggesting that the model was identifying dangerous behavior as being potential places of crashes. Similar results can be seen for true positives (model correctly predicts a crash will occur) because the greatest danger was at high values of position and velocity.


[image: image]

FIGURE 7. Density maps of the velocity and position at all-time steps in time-in-advance duration.





DISCUSSION

Our objective was to create a model that could predict the occurrence of crashes in a stabilization task where participants were spatially disoriented similar to what astronauts may experience. We used the angular position, velocity and joystick deflections from the stabilization task to train a stacked GRU model to predict whether a crash would occur at a certain future time point. We chose stacked GRU over other models because its recurrent neural network (RNN) structure gave it an advantage for analyzing our time sequence data over non-RNN methods. Within the RNN methods, stacked GRU performed slightly more efficiently (Table 2). Based on the obtained AUC (Area Under the Receiver Operating Characteristic Curve), we found that our model performs well at predicting crashes as early as 1,500 ms before (Supplementary Figure 1). However, for aviation and spaceflight applications, false negative errors (model incorrectly predicts no crash) would be considered much worse than false positive errors (model incorrectly predicts that a crash will occur). For this reason we prioritized minimizing false negatives by setting the recall very high (95%), which resulted in a higher rate of false positives (i.e., lower precision, Figure 5). Please refer to the equations in section “Evaluation of Model Performance” for the definitions of precision and recall.

To understand and characterize the types of crashes the model could not predict even at a high recall value, we plotted the rate of the model misclassifying crash samples as being non-crashes (Figure 6). We were surprised to find that many of the false negative crashes started near the equilibrium point (0°) which many would consider the safest place to be. We discovered that the model’s inability to predict this group of false negative crashes was because participants made unexpected destabilizing joystick deflections in the time-in-advance duration (which the model did not have access to) that caused the device to rapidly accelerate away from the balance point (Table 3). These destabilizing joystick deflections were likely made because participants in the horizontal roll plane are often disoriented and have inaccurate perception of their angular position (Vimal et al., 2021).

Because we chose to set a high recall (minimizing false negatives) we had a high rate of false positives (Figure 5). We were curious about when the model classified false positives. Figure 6 reveals that false positives were occurring at large values of angular position near the crash boundaries (± 60°). In Figure 7, we found that false positives occurred at very large magnitudes of angular position and velocity. For this reason, it is possible that false positives could serve as a warning signal for pilots who may be disoriented and reach dangerous angular deviations and velocities. Having too high a false positive rate could result in pilots losing trust with the model. It is not well understood what values of false positives will maintain trust between pilots and Artificial Intelligence (AI), or what level of trust in the AI is useful because case studies show that both too much and too little trust in the technology can lead to fatal accidents in ships and aircraft (Wickens, 1995; Dalcher, 2007; Hoff and Bashir, 2015). Our future work will explore the role of trust and the rate of acceptable false positives.

Figure 5 shows that the model can predict a crash 800 ms in advance at a high recall (0.95 recall and 0.50 precision). However, would a warning signal at this point prevent any crashes? In Figure 8 we plotted the angular position and velocity 800 ms before all crashes. In our previous work, we had measured boundaries, which if reached, would result in unavoidable crashes (Vimal et al., 2016, 2017). All points in Figure 8 that are inside the boundaries are therefore considered recoverable.


[image: image]

FIGURE 8. Angular position and velocity 800 ms before all crashes. Those points inside the boundaries can avoid a crash.


In Table 4, we found that if immediate control were taken, 80.7% of crashes could be avoided. Humans can respond to stimuli in 250 ms (Barnett-Cowan and Harris, 2009); however, to respond to more complex cues that require joystick deflections, participants would likely need 400 ms (Berryhill et al., 2005). Table 4 shows that with increasing reaction times, receiving a warning would not be sufficient to prevent crashes. Therefore because of the low precision value and short reaction time, our model would not be deployable in a purely human controlled situation. However, this could be resolved if the AI system took temporary control of the spacecraft or aircraft. For example, Figure 5 shows that with a 400 ms time-in-advance duration, we can obtain a recall value of 95% and a precision value of 92%. Additionally, as mentioned above, many false positives occur at large values of angular position and velocity (Figure 7). In future work, in addition to the deep learning crash detection model, we will also create a warning system to detect dangerous conditions such as large values of angular position and velocity, which will further reduce the false positives and therefore increase the precision.


TABLE 4. Percentage of avoidable crashes reduces as prediction time elapses.

[image: Table 4]
Our current model is trained on data related to MARS “crashes.” However when away from Earth, in a spaceflight condition, astronauts will not be able to safely acquire significant data on crashes. In future studies, we will train the model to identify different levels of danger (as opposed to only crashes), such as poor patterns of behavior (e.g., destabilizing joystick deflections) and dangerous situations (e.g., high angular positions and velocities). In practice, this would mean that as astronauts acquire new data, which can include suboptimal performance, our methodology could be used to train the model and set parameters that identify poor performance or they could label it themselves. In the future, we aim to communicate the warnings generated from the deep learning model as well as body orientation through vibrotactile feedback which has been previously shown to be useful for preventing spatial disorientation during air flight (Rupert, 2000).



CONCLUSION

Some studies estimate 90–100% of pilots have experienced spatial disorientation and it is a leading cause of fatal aircraft accidents (Newman, 2007; Gibb et al., 2011). In the present study, we used data from a spaceflight analog balancing task that reliably led to spatial disorientation and loss of control. The deep learning and AI communities have explored problems related to crash avoidance for conventional ground vehicles (Peng et al., 2019), autonomous vehicles (Perumal et al., 2021), unmanned aerial vehicles (Gandhi et al., 2017), ships (Perera, 2018), swarming systems (Lan et al., 2020), and aircraft collisions with other aircraft (Julian et al., 2019). However, no one to our knowledge has used deep learning to predict the occurrence of crashes in a novel analog condition where participants experience disorientation similar to what pilots and astronauts may experience.

Space exploration will often demand astronauts to solve problems independently because of factors such as time delays in communication with Earth (Cooke and Hine, 2002). Additionally, because astronauts will be exploring novel environments, optimal solutions to problems will not be known. These problems can arise both in the short term, such as spatial disorientation experienced during gravitational transitions and in the longer term such as effects to the brain from sustained long duration spaceflight (Roberts et al., 2017). The consequences this will have on spaceflight are not fully understood especially when combined with multiple simultaneous stressors caused by factors such as radiation, psychological and physiological changes (Clément et al., 2020). Therefore, it is important to develop countermeasures such as artificial intelligence systems that are tested under a range of spaceflight analog conditions on Earth and can learn and adapt as astronauts collect data in space.

In our approach we develop an artificial intelligence system that does not have prior knowledge of the paradigm (such as inverted pendulum dynamics and the human vestibular system) and is not trained on optimal behavior (such as in the vertical roll plane where participants have task relevant gravitational cues). Instead our model is trained on data obtained from our disorienting spaceflight analog task. Because our model did not rely on detailed knowledge of the paradigm it suggests that this methodology could be applied to other novel and disorienting conditions such as drifting during brownout (Gaydos et al., 2012), loss of control in human postural balancing in artificial gravity (Bakshi et al., 2020) or from vestibular deficits (Lawson et al., 2016).
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The article describes methods of non-verbal speech characteristics analysis used to determine psychophysiological state of female subjects under simulated microgravity conditions (“dry” immersion, DI), as well as the results of the study. A number of indicators of the acute period of adaptation to microgravity conditions was described. The acute adaptation period in female subjects began earlier (evening of the 1st day of DI) and ended faster than in male ones in previous studies (2nd day of DI). This was indicated by a decrease in the level of state anxiety (STAI, p < 0,05) and depression-dejection [Profile of Mood States (POMS), p < 0,05], as well as a decrease in pitch (p < 0,05) and voice intensity (p < 0,05). In addition, women, apparently, used the “freeze” coping strategy – the proportion of neutral facial expressions on the most intense days of the experiment was at maximum. The subjects in this experiment assessed their feelings and emotions better, giving more accurate answers in self-assessment questionnaires, but at the same time tried to look and sound as calm and confident as possible, controlling their expressions. Same trends in the subjects’ cognitive performance were identified as in similar experimental conditions earlier: the subjects’ psychophysiological excitement corresponded to better performance in sensorimotor tasks. The difference was in the speed of mathematical computation: women in the present study performed the computation faster on the same days when they made fewer pauses in speech, while in men in previous experiments this relationship was inverse.
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INTRODUCTION

In the context of the possibility of long-term flights into deep space, new approaches are currently being developed to create systems for psychophysiological support of the crew. Among the main requirements for such systems there are increased autonomy and minimal invasiveness (Egorov, 2001; Cermack, 2006). Such methods would allow for continuous monitoring of the crew members’ condition, without interfering with their regular activities and with minimal involvement of Mission control specialists.

One of the methods that meets these criteria is automated analysis of psychologically and psychophysiologically relevant characteristics of human operators’ speech (Johannes et al., 2000; Alberdi et al., 2016; Gushin et al., 2016).

Nevertheless, speech is studied mainly using content analysis, which limits the possibility of correct interpretation of the subject’s emotional and psychophysiological state (Nikonov, 1985). On the other hand, the acoustic characteristics of speech are less susceptible to conscious control and better reflect the deep features of the human functional state. For this reason, they have been used for a long time in studies devoted to assessing the functional state of a person in extreme conditions (Kartavenko, 2005).

Previously, the study of the speech acoustic characteristics was successfully carried out in a number of analog and space experiments (Johannes et al., 2008; Gushin et al., 2016; Gushchin et al., 2018; Supolkina et al., 2019). The technological and methodological progress over the years allows the researchers to bring their studies to a new level within the framework of the modern approach, which ultimately presupposes minimizing the subjectivity and invasiveness of psychophysiological and psychological techniques.

At the same time, acoustic analysis of speech often shows reproducibility limitations due to varying experimental conditions. One of the most studied characteristics of speech, fundamental frequency (F0), usually increases when a person experiences physiological or psychological stress (Giddens et al., 2013). However, in a number of studies this was not confirmed. These discrepancies may be associated with different recording conditions, nature of the stress factors, and the individual characteristics of the subjects. Thus, in order to minimize the differences caused by various simulated factors of space flight as well as other possible interfering factors, it is reasonable to analyze the voices of test subjects under the same experimental conditions (National Aeronautics and Space Administration and the National Center for Gender Physiology and Environmental Adaptation, 2002; Park and Stepp, 2019).

The “dry” immersion is currently recognized as the best model for long-term simulation of weightlessness and support-free conditions (Mikhailov et al., 1995; Tomilovskaya et al., 2019). Thus, the conditions of “dry” immersion make it possible to study the psychophysiological state of the subjects in the conditions closest to a real space flight.

The technology and experimental approach have been known and applied since the 1970s, but until the year 2020, only male subjects participated (Shul’zhenko and Vill-Villiams, 1976; Orlov, 1985). Taking into account the underrepresentation of women in space, as well as the small number of ground-based simulation experiments with their participation (National Aeronautics and Space Administration and the National Center for Gender Physiology and Environmental Adaptation, 2002; Saralyn, 2006), it was necessary to start experimental studies with women under conditions of “dry” immersion in order to assess not only the physiological reactions of adaptation to microgravity conditions, but also the psychophysiological response to this type of stress.

The aim of this study was to assess the female subjects’ psychophysiological response to physiological stress caused by adaptation to the conditions of simulated microgravity, and also to determine whether it differs from the analogous response in male subjects in the same conditions.



MATERIALS AND METHODS


Participants

The study involved 6 healthy female volunteers aged 24 to 39 years. The studies were carried out in the same periods of the participants’ natural menstrual cycle (7th–10th days of MC).



Bioethics and Informed Consent

The conducted studies were approved by the Bioethical Commission of the Institute of Biomedical Problems of RAS (Protocol No. 544 of July 16, 2020) and fully complied with the principles of the 1964 Declaration of Helsinki. Each study participant voluntarily signed an informed consent after explaining to her the potential risks, benefits and nature of the upcoming study.



Design of the Study

From September 7 to November 30, 2020, the IBMP RAS conducted the world’s first “dry” immersion experiment with the participation of female volunteers («NAIAD-2020») (Tomilovskaya et al., 2021).

The method used in our study is based both on the methodological approaches implemented in previous space and analog experiments, and on recent methods and technologies of speech acoustic analysis.

The main material for the analysis were audio recordings of the subjects’ speech during the morning and evening reports on daily events, health and mood (analogous to daily planning conferences, or DPCs, the ISS-MCC standard communication procedure). The reports were recorded right after waking up (8–9 AM) and before going to sleep (9–10 PM). Portable voice recorders Zoom H1 were used, positioned at 15 cm from the subject’s mouth during the recording.

Simultaneously with the audio recording of DPC audio messages, for the first time, within the framework of the experiment in the conditions of “dry” immersion, video recording was included to our experimental protocol for the analysis of basic emotions using facial expressions (Sanchez et al., 2014). Within the united methodical approach, acoustic analysis of speech and analysis of facial expressions can become promising means of remote monitoring of the psychoemotional and psychophysiological state of human operator both in space flight and in other extreme conditions (Fontes and Madureira, 2019; Gushchin et al., 2020).

We studied only the period of acute adaptation in order to reveal the differences between the female and male psychophysiological responses to adaptation to microgravity conditions. We also used additional cognitive and sensorimotor tests, facial expression assessment using the FaceReader software, Spielberger’ state-trait anxiety inventory (STAI) and Profile of Mood States (POMS), as well as medical control data: systolic (SBP) and diastolic (DBP) blood pressure, and heart rate (HR) provided by Dr. E.S. Tomilovskaya.



Speech Acoustic Characteristics Analysis

Within the framework of this study, the main method was the analysis of the acoustic characteristics of speech reflecting the functional state of the subjects, with the Praat software (Boersma and Weenink, 2018). We analyzed speech segments unified by the audio reporting protocol, in order to minimize the impact of varying content of statements. The speech fundamental frequency (F0) (Mean and Median pitch values, as calculated by the Praat software algorithm within every acoustic sample), intensity (speech volume), the number of voice pulses and pauses in speech, shimmer and jitter were studied in dynamics over the course of immersion. These indicators are often used as correlates of emotional and psychophysiological stress and pathological conditions in humans, as well as to describe a person’s individual speech “portrait” in order to more reliably identify individual differences in stress responses (Lebedeva et al., 2020; Lebedeva and Shved, 2021).

One of the first still the most studied parameters of speech signal is the pitch (fundamental frequency, F0) (Buchanan et al., 2014; Pisanski et al., 2018). Its measurement made it possible to solve a number of practical problems in speech technologies development, such as the speaker’s gender identification, determining their emotional state, speech recognition, as well as identifying the functional state of the vocal apparatus (Johannes et al., 2007; Teixeira et al., 2011; Alberdi et al., 2016; Akçay and Oguz, 2020).

When measuring the intensity (speech volume), we took into account that in calmly speaking subjects its average value is 40–60 dB, and in an excited state – 70–80 dB. Changes in the intensity are an important diagnostic feature in assessing the psychophysiological state of a person (Rothkrantz, 2004; Zhang, 2016).

Unvoiced fragments length is an absolute value corresponding to the physical duration of the pauses, i.e., a break in sound when the average sound pressure drops to zero at the junction between two sound segments. In relation to the duration of the utterance, the percentage of pauses that a person makes between words and phrases is calculated. This value may indicate a state of psychophysiological tension or asthenization (Buchanan et al., 2014).

The use of jitter and shimmer effects is important for determining the voice pathologies and is often used in the clinical studies (Zwetsch et al., 2006; Teixeira et al., 2011). Jitter is a measure of period-to-period fluctuations in F0, showing involuntary changes in the frequency of adjacent vibrational cycles of the vocal folds. Shimmer is a measure similar to jitter, which characterizes the period-to-period variability of the amplitude value. The reason for the widespread use of jitter and shimmer parameters in clinical studies is that the structure of vibrations of the vocal folds has a periodic nature for healthy voices, while this periodicity in the structure of vibrations is significantly impaired in the presence of pathological changes (Teixeira and Fernandes, 2014; Teixeira and Gonçalves, 2016). However, some studies show that changes in the functional state of a human operator can also lead to changes in their voice’s F0 and may be a diagnostic sign of significant distress.



Facial Expressions Analysis

The analysis of the subjects’ facial expressions was carried out using the FaceReader software. The software’s algorithm allows detection of neutral emotional state, as well as six basic emotions according to the generally accepted classification of Ekman and Friesen (1978) (happiness, surprise, sadness, anger, fear, disgust), the general valence of emotions and the level of arousal. The daily video reports were used for the analysis. The FaceReader assesses the general level of a person’s arousal based on the number of facial movements they performs per unit of time. A deep neural network algorithm is used, working in three main stages: detecting a face in the presented image, building a model based on 500 key points and classifying facial expressions (Loijens and Krips, 2018). It is worth noting that a comparison of the expert assessments and the FaceReader software showed its 95% accuracy (Gusev et al., 2018; Stöckli et al., 2018).



Auxiliary Tests and Questionnaires

The subjects performed computer-aided tests, including psychological questionnaires, twice a day. The State-Trait Anxiety Inventory (STAI) (only the state anxiety was measured) (Spielberger, 2010) and (POMS; Mcnair et al., 1971) questionnaire were used.

Then the subjects performed sensorimotor and cognitive tests simulating operator activity: reaction to a moving object (RMO extrapolation and coordination tasks), short-term memory tests, simple mathematical calculation, response speed (Ushakov et al., 2015).

In the morning after waking up and in the evening before going to bed, medical control was carried out, including measurement of body temperature, heart rate, blood pressure (systolic and diastolic). The data are supplementary to the main research, and are provided by Dr. E.S. Tomilovskaya.

The experimental schedule is presented in Table 1.


TABLE 1. Design of the psychophysiological study of female 3-day dry immersion.

[image: Table 1]


Statistical Analysis

The used statistical methods included factor analysis by the principal component extraction method (Varimax rotation with Kaiser normalization), correlation analysis (Pearson’s correlation), comparison of paired samples means (Wilcoxon t-test), tests of between-subjects effects (ANOVA).




RESULTS


Acoustic Analysis of Speech

The values of Mean pitch (fundamental frequency, F0) in the subjects were 205.4 (3.9) Hz on average. The values of Median pitch were 198.4 (3.8) Hz on average. The data was normally distributed. Mean pitch showed a significant decrease by the morning of day 2 in comparison with the evening of the previous day (p = 0,04), in 5 out of 6 subjects (Figure 1). A similar result was obtained by Median pitch measurements. In 1 out of 6 subjects, two insignificant decreases in F0 were observed in the evening of the 1st day and in the morning of the 3rd day of the immersion.


[image: image]

FIGURE 1. Average mean pitch per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.


The values of speech signal intensity (speech volume) were 80.2 (1.2) dB on average, the data was normally distributed. The speech volume increased significantly by the evening of the day 1 in all subjects (p = 0,04) (Figure 2). An insignificant decrease in the speech volume was observed only in the evening of the 2nd day.


[image: image]

FIGURE 2. Average intensity per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.




Basic Emotions in Facial Expressions (FaceReader Software)

Video recording took place simultaneously with speech recording every day, in the morning and in the evening. Based on the results of this study, it was not possible to identify significant trends in basic emotions changes during the immersion. Nevertheless, we were able to identify the dynamics of “neutral” emotional state (neutral facial expression) in the course of the experiment: it gradually decreased (R2 = 0.7) (Figure 3).


[image: image]

FIGURE 3. Average neutral emotion (facial expression) per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.




Psychological Questionnaires

The POMS questionnaire was completed twice a day, in the morning and in the evening, throughout the experiment.

In the evening of the 1st day, a sharp decrease in the subjectively perceived Vigor-Activity (p = 0.04) and a significant increase in Depression-Dejection (p = 0.04) were revealed (Figure 4). By the morning of the 2nd day, the level of Depression-Dejection significantly decreased (p = 0.04), as the level of Vigor-Activity slightly increased, while Fatigue decreased (the difference was not statistically significant). On the last day of the experiment, a sharp decrease in Fatigue-Inertia was observed (p = 0.04).
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FIGURE 4. Average mood states (Vigor-Activity, Depression-Dejection and Fatigue-Inertia) per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.


The state anxiety test according to the STAI questionnaire, presented every day in the morning and in the evening, showed a change in the level of anxiety. The test results can be interpreted as a mild form of S-anxiety (scores less than 30 points) and moderate form of S-anxiety (scores from 31 to 44 points). The peak in the state anxiety was observed in the evening of the first immersion day, which indicates the beginning of the acute phase of adaptation (Figure 5).


[image: image]

FIGURE 5. Average state anxiety per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.




Cognitive and Sensorimotor Tests

Computer tests performed in the morning and evening throughout the DI experiment showed variability in some of the cognitive and sensorimotor functions of the subjects.

The test for sensorimotor coordination “RMO Extrapolation” (Reaction to a Moving Object, motor response to a moving and vanishing point) showed a gradual decrease in error/lability values (Figure 6).
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FIGURE 6. Average error/lability in RMO Extrapolation test per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.


The time for simple mathematical calculations also decreased during the DI experiment (Figure 7).
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FIGURE 7. Average time for simple math calculations per morning/evening during the 3-days “dry” immersion experiment. Mean ± SEM.




Statistical Analysis

We carried out a factor analysis of data on speech acoustics, the results of cognitive tests, facial expressions, the STAI test results, the POMS questionnaire results and medical control. We used the principal component analysis (rotation method: Varimax with Kaiser normalization. Rotation converged in 12 iterations). The analysis made it possible to identify the components that are significant for this study.

The first component of the resulting matrix shows an inverse relationship between the level of speech intensity and the percentage of pauses, decision time when math calculation, anxiety, hostility, depression, fatigue, anxiety and confusion, and a direct relationship with systolic blood pressure (SBP), activity and friendliness. This component can be described as a state in which a person speaks in a quieter voice, pauses more, solves mathematical equations more slowly, and notes anxiety, hostility, depression, fatigue and confusion, while their SBP is low. The flip side of this component describes a more active and friendly person, with a higher SBP, solving mathematical equations quickly, speaking in a louder voice and making fewer pauses in speech.

The second component shows the inverse relationship between the speech acoustic characteristics (the number of pulses and jitter) and the results of the RMO Extrapolation sensorimotor test (error/lability values). This component could be described as a state of a person in which they utter fewer sounds and their voice «trembles» less, and at the same time they cope better with sensorimotor tasks that require relying on internal time.

The third component showed the relationship between the facial expression of basic emotions according to the FaceReader software: an inverse relationship between sadness and happiness, valence, and diastolic blood pressure (DBP). This component could be described as a state of a person in which they have a higher DBP, and their facial expressions speak of a state of happiness and vivacity.

To clarify the obtained relationships within the components, we carried out an additional correlation analysis (Pearson’s correlation).



Speech Acoustic Characteristics and the Results of Cognitive Tests

The study revealed significant negative correlations (p < 0.01) between such speech characteristic as intensity and the number of pulses, and error/lability values when performing RMO Extrapolation, as well as the simple math calculations time. Also, significant positive correlations were noted between the number of pauses in speech and error/lability values when performing RMO Extrapolation and RMO Coordination tests (p < 0.05) and the simple math calculations time (p < 0.0001). There was also a positive correlation between Median pitch and the simple math calculations time (p < 0.0001). Jitter was inversely correlated with errors in solving mathematical equations (p = 0.01).



Speech Acoustic Characteristics and the Results of Medical Control

Intensity (p = 0.001) and the number of pulses (p = 0.04) were positively correlated with systolic BP and shimmer was negatively correlated (p = 0.001). Intensity (p < 0.0001) and the number of pulses (p = 0.002) were positively correlated with diastolic BP, and Median pitch (p = 0.02), pauses (p = 0.006), and shimmer (p = 0.02) were negatively correlated. The number of pulses positively correlated with heart rate (p = 0.04).



Speech Acoustic Characteristics and the Results of the Emotions Analysis by Facial Expressions

The number of pulses negatively correlated with «neutral» facial expression (p = 0.02), and the percentage of pauses correlated positively (p = 0.01). Shimmer positively correlated with the emotion of fear (p = 0.001).



Speech Acoustic Characteristics and the Results of Self-Assessment Questionnaires


The Level of State Anxiety

The state anxiety level was positively correlated with Median pitch (p = 0.005) and the percentage of pauses (p = 0.006), and the number of pulses (p = 0.04) was negatively correlated.



Profile of Mood States

Median pitch (p = 0.01 and p = 0.005) and the number of pauses (p = 0.01 and p = 0.005) correlated with the “hostility” and “depression” scales. Pauses correlated with the fatigue scale (p < 0.05). Intensity (p = 0.02) and the number of pulses (p = 0.007 and p = 0.003) were correlated with the “activity” and “friendliness” scales, and pauses (p = 0.008 and p < 0.0001) were negatively correlated; in addition, Median pitch (p = 0.008) was negatively correlated with “friendliness”. Median pitch (p = 0.002 and p = 0.003) and pauses (p = 0.003 and p = 0.001) positively correlated with the scales “anxiety” and “confusion”, and in addition, the number of pulses (p < 0, 0001).




Analysis of Basic Emotions by Facial Expressions

Despite the fact that this study did not show a significant number of correlations between basic emotions and data from other methods, we conducted tests of between-subjects effects. The results are presented in Table 2.


TABLE 2. Tests of between-subjects effects with basic emotions and days covariates.

[image: Table 2]
He showed the influence of such factors as the person of the subject, the number of the day, morning or evening, as well as basic emotions according to FaceReader on the results of cognitive and sensorimotor tests and some acoustic parameters. The results of the analysis show that the person of the subject had the greatest influence, and in some cases, it depended on the time of day (morning or evening). The results of the RMO Extrapolation test were also influenced by the number of the day (which correlates with R2 for these values).

“Neutral” emotional state influenced the results of RMO Extrapolation and simple calculations. State of “Happiness” influenced the results of RMO Extrapolation and jitter. Jitter was also affected by “Sad” and “Disgusted” emotions. “Surprised” state affected accuracy in RMO Extrapolation and simple calculations.

“Arousal” influenced the results of the RMO Extrapolation and the Median pitch. “Valence” influenced the results of RMO Extrapolation and jitter.




DISCUSSION

According to the results of our study, the acute period of adaptation in women under simulated microgravity began in the evening of the 1st day and ended in the morning of the 2nd day of immersion. This is indicated by the results of the speech acoustic analysis and self-assessment questionnaires, in which the subjects noted an increase in anxiety and depression, and a decrease in activity. This was compared with the data obtained in the same experiment regarding the attitude of the subjects to their physical discomfort (such as general discomfort, back pain and abdominal pain) also peaking at the 1st day and decreasing by the 2nd day evening (Tomilovskaya et al., 2021). Previously, in studies with participation of astronauts (58% of whom were female) it was shown that approximately half of all astronauts report back pain during the early stages of spaceflight: back pain was most often reported on the first and 2nd days of space flight (Kerstman et al., 2012).

The presence of an acute adaptation period was indicated by a change in the pitch and intensity of the subjects’ voices, which confirms the importance of these non-verbal characteristics of speech for assessing the psychophysiological state of a person. It should be noted that the dynamics of changes in pitch, when compared with the same period of adaptation in men, was less pronounced. In connection with stress, Mean and Median pitch in women significantly increased by the evening of the 1st day in 5 out of 6 subjects, and then decreased to the initial values, and did not show significant fluctuations as it was shown in men under similar conditions. Judging by this indicator, psychophysiological stress in the process of adaptation to microgravity conditions lasted less in women – in a similar experiment, the acute adaptation period in men ended on immersion day 3 (F0 and the number of pulses decreased by the 3rd day) (Lebedeva et al., 2020).

Similar results in terms of sex differences in stress responses were reported previously. A stronger increase in cortisol levels in response to stress in men than in women was shown in some studies (Kudielka and Kirschbaum, 2005). This physiological phenomenon can also cause a stronger increase in some acoustic parameters of the subjects’ speech (Buchanan et al., 2014; Alberdi et al., 2016; Pisanski et al., 2018). At the same time, changes in the subjects’ voice intensity in our study turned out to be almost identical with the same indicator dynamics in male subject during the same period of acute adaptation.

Cognitive tests performed in the morning and evening throughout the experiment showed variability in some mental and sensorimotor functions. The “RMO Extrapolation” test showed a gradual decrease in error/lability values, which correlates with the results of sensorimotor tests obtained from male subjects in longer experiments with “dry” immersion (Lebedeva et al., 2020). The time of simple math equations solving also decreased significantly. We suppose that the observed trends were influenced both by the training effect and stress level decrease. Some authors note that lower quality of sensorimotor and calculation tasks results under simulated (head-down bed rest, parabolic flight) and real space flight conditions may be caused by additional stress associated with increased cognitive load (Wollseiffen et al., 2016; Oluwafemi et al., 2021). Other studies have also shown that “dual-tasking” costs increase for reaction-time tasks requiring rhythm production, and to a lesser degree, visuo-spatial transformation, compared with regular choice reaction-time tasks (Bock et al., 2010). However, in the present study we found no significant difference in performance improvement in two types of tasks: sensorimotor (RMO) and cognitive (mathematical computation), although the sensorimotor task performance is more consistent with the dual-task paradigm than the computation. It is necessary to conduct further studies of longer duration in order to find out the dynamics of these performance changes, and the factors influencing it.

It should be noted that a similar relationship was found between the acoustic characteristics of speech and the sensorimotor performance in the experiment with female subjects and in a similar experiment with men: higher speech volume and the number of pulses were associated with more accurate performance of sensorimotor tasks. This was probably due to an activation tendency in the subjects’ functional state (Cohen et al., 2016; Abur et al., 2021). A significant difference between the female and male samples was a positive (rather than negative, as in men) correlation between the number of pauses in speech and the time of mathematical equations solving. We assume that this distinction needs additional research. Pauses in speech may be interpreted as a sign of concentration, self-control – a transition to the inner voice in order to articulate certain attitudes and rules (Tullett and Inzlicht, 2010). We should also note that the female subjects participated in a 3-day experiment, while the male subjects participated in a 21-day study. Different duration of the “dry” immersion can by itself explain the possible difference in the reasons why the subjects used self-control. In the short experiment with women, the time of mathematical computation was decreasing, as also were the subjects’ anxiety and depression indicators (according to STAI and POMS). It can be assumed that the larger percentage of speech pauses and the longer time spent on mathematical computation were both associated with the subjects’ physical unwellness in the 1st days of adaptation, and, subsequently, with the increased need for self-control (in order to fulfill their tasks despite their current state). We suppose that the reason that female subjects made more pauses in speech during their first audio reports could be that they made additional efforts for self-regulation, and were also more worried about the correct task results, so they additionally used the inner voice to recite the rules of the task (Laukka et al., 2008). At the same time, the male sample, while solving the computation task at a much later period of the experiment, probably used the inner voice to decelerate impulsive responding. I.e., on the days when the male subjects felt more disinhibited (and, subsequently, spoke faster, with less pauses), they tried to take more time for better computation performance, slowing down their motor reaction (pressing a key to respond) (Tullett and Inzlicht, 2010).

Also, the distinction of the female sample were the significant correlations between objective psychophysiological indicators (acoustic analysis of speech and analysis of facial expressions) and the results of self-assessment tests. The results of self-assessment questionnaires correlate well with each other and with the data of acoustic analysis of speech. This indicates that the subjects in the present study interpreted their psychological state well and answered honestly to the questionnaire questions.

The method of the basic emotions analysis using facial expressions revealed some limitations of this study: the body position (recumbent), as well as the redistribution of body fluids in the cranial direction, could affect the quality of the analysis. The most informative was the indicator of “neutral” emotional state – during the 3-day exposure, it significantly decreased. It should be noted that “neutral” emotional states positively correlated with the percentage of pauses in speech and negatively – with vocal pulses. A similar pattern was found between the same acoustic indicators and the subjects’ perception of anxiety (STAI and POMS) and confusion (POMS). This can be interpreted as a mild variant of a “freeze” stress reaction, when a person speaks less, their face becomes less emotional, and at the same time they feel anxious and confused. Some studies have noted similar reactions in connection with social stress (social phobias): under the influence of increasing anxiety, the percentage of pauses in voluntary speech increases (Laukka et al., 2008; Buchanan et al., 2014).



CONCLUSION

The conducted psychophysiological study revealed some indicators of the acute period of adaptation to microgravity conditions. For the first time conducted with the participation of female subjects, this study showed possible differences from all-male samples: in the duration and specificity of adaptation to «dry» immersion conditions, in a more accurate reflection of one’s state in questionnaires, as well as in some patterns of correlations between the acoustic characteristics of speech and the results of cognitive tests.

The acute adaptation period in female subjects began earlier and ended faster than in male ones in previous studies. This was indicated by a decrease in the level of state anxiety (STAI) and depression-dejection (POMS), as well as a decrease in pitch and voice intensity. Women in this study reacted to the adaptation stress differently than men previously: a significant decrease in pitch was shown, while in men under the same conditions the opposite was more often observed. In addition, women, apparently, used the “freeze” coping strategy – the proportion of neutral facial expressions on the most intense days of the experiment was at maximum. Thus, the subjects in this experiment understood their feelings and emotions better, giving more accurate answers in self-assessment questionnaires, but at the same time tried to look and sound as calm and confident as possible, controlling their expressions.

Same trends in the subjects’ cognitive performance were identified as in similar experimental conditions earlier: an excited state (high intensity and a higher number of pulses in speech) corresponded to better performance of sensorimotor tasks. The difference was in the speed of mathematical computation: women in the present study performed the computation faster on the same days when they made fewer pauses in speech (i.e., spoke more quickly), while in men in previous experiments this relationship was inverse: on the days when male subjects made more pauses in speech, they performed the computation faster.

The results obtained need to be corroborated both in the «dry» immersion model and in other physiologically stressful conditions. In studies related to speech, facial expressions and cognitive performance, it is necessary to take into account the subjects’ individual differences, and also, the specific influence of the experimental conditions and the method of obtaining experimental data.

In order to get a better understanding of the influence of physiologically stressful conditions on the human operator’s psychophysiological state, further studies with the participation of women are required.
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Humans undergo extreme physiological changes when subjected to long periods of weightlessness, and as we continue to become a space-faring species, it is imperative that we fully understand the physiological changes that occur in the human body, including the brain. In this study, we present findings of brain structural changes associated with long-duration spaceflight based on diffusion magnetic resonance imaging (dMRI) data. Twelve cosmonauts who spent an average of six months aboard the International Space Station (ISS) were scanned in an MRI scanner pre-flight, ten days after flight, and at a follow-up time point seven months after flight. We performed differential tractography, a technique that confines white matter fiber tracking to voxels showing microstructural changes. We found significant microstructural changes in several large white matter tracts, such as the corpus callosum, arcuate fasciculus, corticospinal, corticostriatal, and cerebellar tracts. This is the first paper to use fiber tractography to investigate which specific tracts exhibit structural changes after long-duration spaceflight and may direct future research to investigate brain functional and behavioral changes associated with these white matter pathways.
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INTRODUCTION

The human brain retains a high degree of neuroplasticity into adulthood. Functionally dependent neuroplastic responses are maintained through the same mechanisms that allow for profound developmental and learning-dependent changes (Pascual-Leone et al., 2005). Additionally, the adult brain may be subject to mechanical forces that exert mass effects—changing the shape and microstructural organization of the brain (Laitinen et al., 2015). Spaceflight has the potential to profoundly alter both the function and shape of the adult brain. While the physiological effects of spaceflight have been studied for many decades, research into the effects of spaceflight on the brain is still in its infancy. The human desire to increase our exploration of space exacerbates the need to understand the effects of spaceflight on the human brain.

The first demonstration of brain anatomical changes after spaceflight entailed gray matter (GM) volume changes as measured by magnetic resonance imaging (MRI), which are suggestive of neuroplasticity and compression of the gyri (Koppelmans et al., 2016). Roberts et al. discovered a narrowing of the central sulcus, supravermian cistern, and calcarine sulcus on the post-flight MRI scans of their astronaut cohort (Roberts et al., 2017). They also saw an expansion of the brain ventricles and noticed an upward shift of the brain within the skull. Moreover, the changes reported in both studies appear to be specific to long-duration mission astronauts, which demonstrates the role of mission duration on these anatomical changes (Koppelmans et al., 2016; Roberts et al., 2017). We previously observed a widespread redistribution of CSF around the brain and dilated ventricles, as well as GM and white matter (WM) volume decreases (Van Ombergen et al., 2018). In a post hoc analysis, it was found that there was a mean increase in total ventricular volume of 11.6% (± 1.5%) post- compared to pre-flight (Van Ombergen et al., 2019). When contrasting follow-up (7 months post terrestrial return) versus preflight data, CSF volume shifts were still present, GM volume had only partially returned to preflight levels, and total ventricular volume remained increased by a mean of 6.4% (± 1.3%) (Van Ombergen et al., 2018, 2019). More recently, the post-flight increase in ventricular volume was shown to uphold even for a year after spaceflight (Kramer et al., 2020). These studies make it clear that the brain shifts superiorly and that intracranial GM, WM, and CSF exhibit volume changes as a result of spaceflight, with such effects at least partially persisting for a longer period of time. However, these studies are unable to elucidate whether these observations represent merely effects of mass movement or reshaping, effects of fluid redistribution, or whether there are any neuroplastic changes within the brain.

Utilizing diffusion MRI, it is possible to estimate the brain’s microstructure in each MRI voxel. It is also a technique that is sensitive to free-water changes, as is the case for the fluid shift effects of spaceflight. One study applied the diffusion tensor model to investigate spaceflight-induced changes in brain microstructure (Lee et al., 2019). Lee et al. (2019) found whole-brain shifts in CSF similar to what was observed in anatomical scans and, after correcting for each voxel’s free-water fraction, they demonstrated microstructural changes in the corticospinal tract, cerebellar pedunculi, as well as tracts connecting the occipital lobe with frontal and temporal lobes). However, one major limitation of the tensor model is that it cannot distinguish signals arising from multiple fiber populations that are present in one voxel. To overcome this limitation, the technique of spherical deconvolution was used in a recent study, where data collected from cosmonauts preflight, postflight, and at seven months follow up were analyzed (Jillings et al., 2020). This microstructural analysis technique revealed evidence of net increases in gray matter tissue in the basal ganglia and white matter tissue in the cerebellum, which provide strong signs of adaptive sensorimotor neuroplasticity (Jillings et al., 2020). Seven months after the space mission, these tissue increases were partially sustained, particularly noticeable in the cerebellum, although there was a large inter-individual variability. The researchers also demonstrated the previously reported fluid shift effects on the distribution of cerebral spinal fluid (CSF) and on the cortical morphology by investigating the relative compositions of the three main tissue types (GM, WM, and CSF) in each voxel in the brain. These mechanical, fluid shift effects mostly normalize at follow-up, with the exception of ventricular and ventral CSF expansions still being present.

In the present study, we aim to further our knowledge on structural changes in the brain after spaceflight at the level of deep-brain WM tracts. Specifically, we conducted a differential tractography analysis, meaning that tractography is performed along the voxels that exhibit changes in microstructural properties after spaceflight compared to before. This diffusion MRI technique is used for the first time in analyzing data of a population of space travelers. This approach enables us to validate previously reported brain microstructural changes after spaceflight and present these findings at the level of WM fiber tracts.



MATERIALS AND METHODS


Study Design

Magnetic resonance imaging (MRI) scans of twelve male Roscosmos cosmonauts were acquired before and after their respective space flights between February 2014 and February 2020 at the National Medical Research Treatment and Rehabilitation Centre of the Ministry of Health of Russia. The cosmonauts all engaged in long-duration missions to the International Space Station (ISS) (mission length average: 172 days). Scans were acquired on average 89 days before spaceflight (preflight), a mean of ten days after return to Earth (Post Flight), and a final scan an average of 230 days after return from space (follow-up). All twelve cosmonauts were scanned pre and post-flight, while only eight cosmonauts opted in for the follow-up scan. In addition, thirteen age, gender, and education matched controls were scanned twice with similar intervals as the pre and post-flight scans of cosmonauts in order to account for changes due to aging. No follow-up data were available for the control group. All participants were tested for handedness using the Edinburgh Handedness Inventory (Oldfield, 1971), with a matched group of all right-handed controls and cosmonauts. An overview of cosmonaut and control group demographic information can be found in Table 1.


TABLE 1. Demographic information of cosmonaut and control group subjects.

[image: Table 1]
The study was approved by the European Space Agency Medical Board, the Committee of Biomedicine Ethics of the Institute of Biomedical Problems of the Russian Academy of Sciences and the Human Research Multilateral Review Board. All participants were informed on the content and nature of the study and signed informed consent agreements.



Magnetic Resonance Imaging Data Acquisition

A total of 12 preflight, 12 post-flight, and 8 follow-up diffusion MRI scans were acquired using a GE Discovery MR750 3T MRI system equipped with a 16-channel receiver head coil using a twice refocused pulsed gradient spin-echo echo-planar imaging sequence. An optimized multi-shell dMRI acquisition scheme was prescribed, containing diffusion weightings of b = 0, 700, 1200, and 2800 s/mm2, applied in 8, 25, 45, and 75 directions, respectively (Jeurissen et al., 2014). In addition, 3 b = 0 s/mm2 images were acquired with reversed-phase encoding, for the purpose of correcting susceptibility-induced distortions. Other imaging parameters were: repetition/echo time of 7800/100 ms, voxel size of 2.4 × 2.4 × 2.4 mm3, matrix size of 100 × 100, 58 slices, and 1 excitation. Imaging was accelerated by a factor of 2 using the Array coil Spatial Sensitivity Encoding Technique. The total acquisition time was 21 min and 23 s.



Data Processing and Quality Control

All data were pre-processed according to the proposed pipeline by Cieslak et al. (2021). Steps included image denoising using Marcenko-Pastur principle components analysis [utilizing MRtrix’s dwidenoise (Veraart et al., 2016)], Eddy current distortions [utilizing FSL’s eddy (Andersson and Sotiropoulos, 2016)], susceptibility-induced distortion [utilizing FSL’s -topup (Andersson et al., 2003)] and bias field correction [utilizing ANTs’ N4BiasFieldCorrection (Tustison et al., 2010)].

To minimize the possibility of false positives, a stringent quality control process was applied [for details, see Yeh et al. (2019)]. First, image acquisition consistency between scans was confirmed; all scans were consistent across repetitions. Second, the correlation coefficient is calculated of neighboring low-b DWI volumes of similar gradient direction, with between-subject scan differences greater than r = 0.1 being rejected; this resulted in no subjects being excluded. Third, slice-wise signal dropout for each slice in each diffusion-weighted image was assessed, with an inclusion threshold of < 1% of slices being affected; all data sets passed this criterion. Fourth, b-table orientation was checked using the fiber coherence index (Schilling et al., 2019).



Reconstruction

An overview of the reconstruction and tractography steps are illustrated in Figure 1. All scans were warped to the Montreal Neurological Institute (MNI) reference space based on the HCP-1021 young adult template using Q-Space diffeomorphic reconstruction (QSDR) (Yeh et al., 2018). The QSDR is an average of the q-sampling imaging which is used for the construction of the spin distribution functions in any given template space (e.g., MNI space) (Yeh et al., 2010). A quality check of the R-squared value is done to ensure no registration errors were made. The restricted diffusion was quantified using restricted diffusion imaging which uses Q-space imaging, a model-free approach that estimates the displacement distribution of diffusing spins. The displacement distribution derived from the q-space imaging is a three-dimensional probability density function of the diffusion displacement. The results are projected on a unit sphere to calculate its corresponding orientation distribution function (ODF). A diffusion sampling length ratio, which defines the radius of the diffusion spins included in the ODF estimation, of 1.25 was used (Yeh et al., 2017). The output resolution is 2 mm isotropic.
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FIGURE 1. Diagram of the connectometry analysis process. The diffusion MRI (dMRI) data from all subjects are reconstructed in MNI space through Q-space diffeomorphic reconstruction. Then the spin distribution functions are calculated from the data and compared to the predicted local fiber directions from the atlas to create a connectome matrix. A quantitative anisotropy (QA) map is calculated based on the local connectome matrix. Tractography is performed along the voxels that show QA change correlations with spaceflight.




Connectometry Analysis

The quantitative anisotropy (QA) was extracted as the local connectome fingerprint (LCF) (Yeh and Tseng, 2011) and used in the connectometry analysis. The LCF is DSI Studio’s way of sampling white matter characteristics as a “fingerprint.” The method uses QSDR to calculate the density of diffusing water along major fiber bundles from diffusion MRI. Diffusion MRI connectometry (Yeh et al., 2016) was used to derive the correlation tractography that has a longitudinal change of QA correlated with days in space for each cosmonaut. A T-score threshold of 1 was assigned and tracking was performed using a deterministic fiber tracking algorithm (Yeh et al., 2013) to obtain correlation tractography. Topology-informed pruning (Yeh et al., 2019) was conducted with 1 iteration to remove false connections. All tracks generated from bootstrap resampling were included. A length threshold of 20 mm distance was used to select tracks. The seeding number for each permutation was 50000. To estimate the false discovery rate (FDR), a total of 2000 randomized permutations were applied to the group label to obtain the null distribution of the track length. FDR analysis was used to determine the significance of findings for this research and was two-tailed due to the hypothesis not having directionality. The permutation (2000 permutations per analysis) was applied to subject labels to test results against the permuted condition. These null findings were then used to test the results under non-permutation conditions to compute the FDR automatically in DSI Studio. FDR can be interpreted as FDR ≤ 0.05 as being highly confirmatory, FDR = 0.05–0.2 as highly possible of positive findings, and FDR = 0.2–0.3 having a moderate possibility of positive findings. FDR > 0.3 shows non-significant findings (Yeh et al., 2019).




RESULTS


Postflight Minus Preflight

When running the contrast of postflight minus preflight, there were significant results for increasing QA (FDR = 0.0033) located in the Middle Cerebellar Peduncle, Right Medial Lemniscus, Corpus Callosum Forceps Major, and Right Inferior Fronto Occipital Fasciculus. For decreasing QA there were significant tracts in the Corpus Callosum Forceps Minor, Right Dentatorubrothalamic Tract, Vermis, Corpus Callosum Body, Left Corticospinal Tract, Right Corticostriatal Tract Anterior, Left Corticopontine Tract Parietal, Right Corticostriatal Tract Superior, Left Arcuate Fasciculus, and Left Corticostriatal Tract Superior (FDR = 0.0009) (Figure 2 and Table 2).
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FIGURE 2. Tracts Associated with changes post minus preflight. Increasing quantitative anisotropy (QA) shows tracts increasing in the middle cerebellar peduncle, lemniscus, and corpus callosum (FDR = 0.0033) (A). Decreasing QA shows changes in the frontal lobes, corpus callosum, and cerebellum (FDR = 0.0009) (B). Blue indicates superior – inferior. Green indicates anterior – posterior. Red indicates left – right.



TABLE 2. Overview of the tract labels that show changes in quantitative anisotropy (QA) for the different contrasts used in this analysis.
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Follow-Up Minus Postflight

When running the contrast of follow-up minus postflight, there were significant results for increasing QA (FDR = 0.0567) located in the Corpus Callosum Forceps Minor, Left Uncinate Fasciculus, Corpus Callosum Body, Right Corticostriatal Tract Anterior, Anterior Commissure, Left Corticostriatal Tract Anterior, Middle Cerebellar Peduncle, Right Cingulum Frontal Parietal. For decreasing QA there were changes located in the Corpus Callosum Forceps Major, Left Thalamic Radiation Posterior, Corpus Callosum Tapetum, Corpus Callosum Body, Left Corticostriatal Tract Posterior, Right Inferior Longitudinal Fasciculus, Right Thalamic Radiation Posterior, Right Cingulum Parahippocampal Parietal, Right Corticostriatal Tract Posterior showing decreased QA (FDR = 0.0014) (Figure 3 and Table 2).
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FIGURE 3. Tracts Associated with changes of followup minus postflight. Increasing QA shows changes in forceps minor, corpus callosum, corticostriatal, and right cingulum (FDR = 0.0567) (A). Decreasing QA shows changes in the forceps major, corpus callosum, and parietal lobe (FDR = 0.0014) (B). Blue indicates superior – inferior. Green indicates anterior – posterior. Red indicates left – right.




Follow-Up Minus Preflight

When running the contrast of follow-up minus preflight, there were no significant results for increasing QA (FDR = 1.00). There were significant results for decreasing QA in the Corpus Callosum Forceps Major, Corpus Callosum Tapetum, Vermis, Right Cerebellum, Left Corticopontine Tract Parietal, Left Cerebellum, Left Medial Lemniscus, Middle Cerebellar Peduncle, Left Corticostriatal Tract Posterior, Corpus Callosum Body, Left Corticospinal Tract, Right Superior Longitudinal Fasciculus, Corpus Callosum Forceps Minor, Left Arcuate Fasciculus (FDR = 0.0069) (Figure 4 and Table 2).
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FIGURE 4. Tracts associated with changes of followup minus preflight. There are no significant changes in increasing QA (A). For decreasing QA there were changes in the corpus callosum, cerebellum, lemniscus, corticopontine tract, and corticostriatal tract (FDR = 0.0069) (B). Blue indicates superior – inferior. Green indicates anterior – posterior. Red indicates left – right.




Control Group

Thirteen age, gender, and handedness matched controls were included and scanned twice on the same MRI scanner as the cosmonauts with an interval of 240 days in between. The controls were analyzed using the same methods as the experimental group and there were no significant findings (FDR = 1.00).




DISCUSSION

Our findings demonstrate widespread microstructural changes associated with long-duration space flight within the sensorimotor tracts (e.g., corticopontine, corticospinal, and corticostriatal tracts) including many tracts connecting the cerebellum (dentatorubrothalamic tract, middle cerebellar peduncle, vermis), as well as within the corpus callosum, inferior fronto occipital fasciculus (IFOF) and arcuate fasciculus. Several of these tracts exhibit opposite microstructural changes during the seven-month period after the space mission, including the corpus callosum and corticostriatal tracts, suggesting normalization to preflight levels. However, compared to preflight, the seven-month follow-up measurement reveals that many microstructural changes associated with long-duration spaceflight remain present. No changes were detected in a control group scanned twice over a similar time interval as the duration of the space mission, thereby excluding effects of aging. These microstructural changes may reflect different sources of effects of spaceflight on the brain, including fluid shift effects, brain anatomical shifts, and neuroplasticity.


Immediate Effects—Postflight Minus Preflight

Consistent with the effects previously observed with diffusion MRI (Jillings et al., 2020), we confirm changes in multiple tracts associated with motor and sensory functions, including the left corticospinal tract (Thomas and Gorassini, 2005), portions of the corticostriatal tracts and right dentatorubrothalamic tract (Petersen et al., 2018). Considering the different physics and kinesthetics applying to the extreme environment of space and the hypothesis that these have significant effects on the brain’s representation and control of the body, these tracts are therefore suspected to reflect this altered sensorimotor function shown in space travelers (Reschke et al., 1998). While brain anatomical shape changes and fluid redistribution can’t be excluded as potential driving factors for our observations, it is worth noting that in the same sample of cosmonauts the primary sensorimotor cortex (M1/S1), the basal ganglia, and the cerebellum showed microstructural changes with no change in free-water fraction and which accounted for local deformations (Jillings et al., 2020). Structural changes in the cerebellum have also been observed in another diffusion MRI study in space crew (Lee et al., 2019), highlighting that various techniques applied in different space crews all reveal similar effects in the cerebellum. This demonstrates the importance of additional work to fully unravel the exact nature of spaceflight’s effect on the cerebellum and its functional relevance.

We also found the corpus callosum to show widespread structural changes across several of its subdivisions for nearly all time point comparisons in this analysis and for different directions of QA change. These findings are more likely explained by brain anatomical shifts than neuroplasticity or parenchymal fluid shifts. Previous work has characterized a number of specific anatomical shifts, including ventricular enlargement, uplifting of the brain, narrowing of the longitudinal fissure, and displacements of deep-brain structures (Roberts et al., 2017; Van Ombergen et al., 2018, 2019). Considering that the corpus callosum is less bulky compared to most other parts of the brain, it may be more susceptible to strain caused by this assembly of anatomical changes. In addition, the arcuate fasciculus might also be specifically more prone to anatomical brain shifts because of the bent shape of this tract. The arcuate fasciculus connects temporal with frontal lobes through a U-shaped tract, and considering that the Sylvian fissure is widened after spaceflight (Van Ombergen et al., 2018; Jillings et al., 2020), the relative displacements of the temporal and frontal lobes may therefore affect the anatomical structure of the arcuate fasciculus, leading to the observed changes in this tract.

From a functional perspective, the forceps minor mediates the connectivity of the inferior-lateral and orbital parts of the frontal lobes, regions with known roles in social cognition (McDonald et al., 2019), executive function (Mamiya et al., 2018), and also gait function (Seiler et al., 2017). The arcuate fasciculus connects temporal with inferior frontal lobes for important roles in language. The functional descriptions and anatomical connections of these tracts that show changes after spaceflight may trigger future work to investigate behavioral changes possibly associated with structural reorganization through appropriate neuropsychological tests or alternative neuroimaging analyses.



Normalization Effects—Follow Up Minus Postflight

The results at follow-up demonstrate the occurrence of opposite effects with respect to the changes observed from pre- to post-flight in several tracts. Specifically, the corticostriatal tracts and frontal crossing fibers (forceps minor and corpus callosum body) show QA decreases from pre- to post-flight and increases from post-flight to follow-up. The posterior crossing fibers (forceps major) exhibit the opposite direction of effects for the two contrasts. Based on previous reports of long-term follow-up data, we know that the morphological changes at the superior surface of the brain after spaceflight, which together demonstrate the upward brain shift, appear to reverse back to the preflight state (Van Ombergen et al., 2018; Jillings et al., 2020). Also, the structural changes in the basal ganglia and sensorimotor cortex that can be explained by neuroplasticity as previously reported (Jillings et al., 2020) showed largely reversed effects during the follow-up period of seven months on earth.

Several tracts show significant changes between post-flight and follow-up, while they did not show significant effects after spaceflight compared to before. These include the cingulum, the inferior longitudinal fasciculus (ILF), and the posterior thalamic radiations. The ILF connects the occipital and temporal-occipital areas of the brain and is related to processing and modulating visual cues (Herbet et al., 2018), the posterior thalamic radiations have been shown to be linked to visual short-term memory (Menegaux et al., 2017), and the cingulum can be considered a part of the limbic system and may have a role in interoception and emotional processing (Nakajima et al., 2019).



Residual Effects—Follow Up Minus Preflight

Previous work on structural changes after spaceflight that included a follow-up measurement over six months post-flight revealed remaining effects of the space mission on the brains of cosmonauts (Van Ombergen et al., 2018, 2019; Jillings et al., 2020). These include ventricular enlargement, Sylvian fissure expansion, and subarachnoid CSF enlargement along the ventral side of the brain. One study also found widespread GM and WM volume changes occurring during this post-flight follow-up period (Van Ombergen et al., 2018). Based on these results, there seems to be a slow normalization phase with so far a lack of data on when or whether a complete pre-flight state is reached. In the current study, we observe longer-term effects in the corpus callosum and arcuate fasciculus, which might be explained by the remaining expansion of the ventricles and Sylvian fissure. On the other hand, sensorimotor and cerebellar tracts also exhibit remaining effects of spaceflight. One previous study that included these follow-up measurements also revealed some remaining changes in the cerebellum, although they were highly variable across subjects and spatially encompassed a smaller area (Jillings et al., 2020). It is likely that some of the cerebellar tracts shown in the current study are remaining effects of spaceflight due to anatomical shifts.

From a general point of view, the current observations fall under similar trends reported by previous neuroimaging work in space crew, namely widespread structural changes caused by long-duration spaceflight that partially reverse to pre-flight levels in the longer term (Van Ombergen et al., 2018, 2019; Jillings et al., 2020; Kramer et al., 2020), as well as effects that are specific to the follow-up period after the space mission (Van Ombergen et al., 2018). Understanding the evolution in time of these structural changes remains an important focus for future research (Roberts et al., 2020).



Limitations

This study had a few limitations with the largest being the size of the sample. Due to the extreme nature of our population being space travelers and the fact this is per definition a small cohort, we were limited with our sample. Furthermore, the follow-up time point only saw eight participating cosmonauts. However, there remains very few reports on this type of data so far. The rarity of subjects who have spent extensive time in space marks the importance of extracting as much information as we can from every subject. Another limitation is that the sample contains cosmonauts who flew previous missions prior to the collection of the baseline (preflight) data. This may alter the baseline data due to persistent effects from the previous missions. This limitation, however, is partially compensated by performing longitudinal paired analyses. Another limitation is that the post-flight time point was acquired an average of ten days after return from space, thus resulting in a possible underestimation in the effects measured. One limitation with respect to the adopted diffusion MRI technique is that we cannot disentangle effects that result from fluid shifts, brain anatomical shape changes, or neuroplasticity. However, for the purpose of this work, we aimed to characterize the full scope of detectable structural changes at the level of WM tracts to potentially drive hypotheses for future analyses in space travelers. Future research may overcome some of these limitations by employing complementary neuroimaging techniques, such as functional connectivity MRI, which would augment our understanding of the anatomical changes by exploring changes in functional connectivity, further disambiguating fluid shifts from neuroplastic responses. Lastly, without access to appropriate measures of neuropsychological performance, it is impossible to fully understand the functional associations of the effects reported here. Further behavioral testing will be necessary to understand the effects of spaceflight on the brain.



Future Implications

These findings suggest that just as understanding the effects of pressure and oxygen deficiency on the human body was imperative for flight within the atmosphere, a similar understanding of how spaceflight affects our body is necessary for the exploration of the final frontier. As missions to Mars are at a minimum of nine months of spaceflight, more long-term studies on the human brain will need to be conducted. Current countermeasures exist for muscle and bone loss (Stein, 2013), but if future research provides evidence that countermeasures are necessary for the brain, then we must begin to answer this challenging question. Many researchers and thinkers (T͡Siolkovskiǐ and Syers, 1960) have asked the question of how to simulate the earth-level effects of gravity in space and no single proposal has yet solved the issue. With the use of the centripetal force to create a rotating spaceship comes two issues: the first being that a very large spacecraft of at least 15 m wide would be necessary in order to achieve the rotation and radius necessary for any meaningful gravity (Clément et al., 2015), and the second being that even in a large rotating cylinder the uneven distribution of forces would impact different parts of a person’s body. This effect would translate to a person feeling more G forces at their feet than their head. The Nautilus-X was a project proposed for the ISS in 2011 by NASA as a sleep pod that would give 0.11–0.51 g while astronauts would sleep, but would likely experience vestibular confusion due to the changes in weightlessness between sleep and wake (Holderman and Henderson, 2011). Other answers for artificial gravity may exist in the creation of gravity as scientists funded by ESA have created a device that has shown to create gravitomagnetism, although it produced only 0.0001g (Tajmar et al., 2006). The future of artificial gravity may be very different than what we currently envision. It is imperative that space agencies look toward new methods of achieving artificial gravity in order to extend the distance and duration that humans can travel in space.




CONCLUSION

Our study extends on the known effects of long-duration spaceflight on brain structure by determining which exact WM bundles underlie these changes. We found structural changes after spaceflight compared to before in tracts that from a functional perspective have roles in sensorimotor, language and visual function, and from an anatomical perspective may be susceptible to morphological changes due to brain and intracranial fluid shifts. However, the neuropsychological data to analyze the functional correlates of any observed changes is not available, underlying the importance of a complete neuropsychological profile of these high function individuals. Changes occurring between the early post-flight and a seven-month follow-up period indicate some normalization, while also differences in WM structure between the pre-flight and follow-up time points remain. This work therefore demonstrates structural changes in specific white matter tracts as a result of long-duration spaceflight, which may form a basis for future research into the full scope of brain changes in preparation for human exploration of the final frontier.
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The altered vestibular signaling and somatosensory unloading of microgravity result in sensory reweighting and adaptation to conflicting sensory inputs. Aftereffects of these adaptive changes are evident postflight as impairments in behaviors such as balance and gait. Microgravity also induces fluid shifts toward the head and an upward shift of the brain within the skull; these changes are well-replicated in strict head-down tilt bed rest (HDBR), a spaceflight analog environment. Artificial gravity (AG) is a potential countermeasure to mitigate these effects of microgravity. A previous study demonstrated that intermittent (six, 5-mins bouts per day) daily AG sessions were more efficacious at counteracting orthostatic intolerance in a 5 day HDBR study than continuous daily AG. Here we examined whether intermittent daily AG was also more effective than continuous dosing for mitigating brain and behavioral changes in response to 60 days of HDBR. Participants (n = 24) were split evenly between three groups. The first received 30 mins of continuous AG daily (cAG). The second received 30 mins of intermittent AG daily (6 bouts of 5 mins; iAG). The third received no AG (Ctrl). We collected a broad range of sensorimotor, cognitive, and brain structural and functional assessments before, during, and after the 60 days of HDBR. We observed no significant differences between the three groups in terms of HDBR-associated changes in cognition, balance, and functional mobility. Interestingly, the intermittent AG group reported less severe motion sickness symptoms than the continuous group during centrifugation; iAG motion sickness levels were not elevated above those of controls who did not undergo AG. They also had a shorter duration of post-AG illusory motion than cAG. Moreover, the two AG groups performed the paced auditory serial addition test weekly while undergoing AG; their performance was more accurate than that of controls, who performed the test while in HDBR. Although AG did not counteract HDBR-induced gait and balance declines, iAG did not cause motion sickness and was associated with better self-motion perception during AG ramp-down. Additionally, both AG groups had superior cognitive performance while undergoing AG relative to controls; this may reflect attention or motivation differences between the groups.

Keywords: sensorimotor, cognition, artificial gravity, head-down tilt bed rest, spaceflight


INTRODUCTION

Human spaceflight has been shown to result in numerous transient effects on human performance when crewmembers return to Earth. Sensorimotor declines have been demonstrated in locomotion (McDonald et al., 1996; Bloomberg et al., 1997; Layne et al., 1998), balance (Paloski et al., 1992, 1994; Reschke et al., 1994a,b, 1998; Black et al., 1995, 1999), jump landing (Newman et al., 1997), fine motor control (Lackner and DiZio, 1996) and obstacle navigation (Mulavara et al., 2010; Bloomberg et al., 2015) following spaceflight. There are also changes in sensory perception (Kornilova, 1997; Clément et al., 2013; Lowrey et al., 2014), and relative weighting of sensory inputs (Lowrey et al., 2014). Astronauts have also reported feelings of “space fog” inflight (Welch et al., 2009) including mental slowing, troubles concentrating and impaired cognitive performance (Kanas and Manzey, 2008; Clément et al., 2020). Manzey et al. (1995) and Manzey and Lorenz (1998) reported declines in astronauts’ abilities to perform cognitive and motor dual tasking early in spaceflight that stabilized over the duration of the mission, while Garrett-Bakelman et al. (2019) reported increased risk taking, decreased accuracy in a visual object learning task and decreased abstract matching in the NASA Twins Study.

Short duration shuttle missions lasted roughly 2 weeks, and with the completion of the International Space Station (ISS), mission duration increased to ∼6 month missions (with some up to 1 year). As NASA sets their goals for human travel to the moon and beyond to Mars, flight duration will further increase to an expected ∼30 months (Clément et al., 2020). With the increased duration from shuttle to ISS missions, sensorimotor deficits post-flight increased in their duration as well (Miller et al., 2018). Thus, there is a need for countermeasures to mitigate the negative effects of microgravity on human performance and physiology. Astronauts already engage in physical activity aboard the ISS, somewhat mitigating postflight sensorimotor declines (Wood et al., 2011). Exercise alone does not completely prevent these changes, however, requiring further development of countermeasures (Mulavara et al., 2018; Ploutz-Snyder et al., 2018). There are also other physiological and functional changes with microgravity, including brain position shifts, decreases in bone and muscle mass, and orthostatic intolerance, among others (Buckey et al., 1996; Adams et al., 2003; Roberts et al., 2017; Stavnichuk et al., 2020). There are numerous countermeasures under investigation for these changes individually; by contrast, artificial gravity (AG) could provide a single, integrated countermeasure by “replacing” Earth’s gravitational effects on the body (Clément et al., 2015).

In head-down tilt bed rest (HDBR) studies, participants lie at 6° with their head below their feet; this simulates the head-ward fluid shift and the axial body unloading of the microgravity environment. HDBR models several of the physiological effects of microgravity, such as arterial pressure changes, unloading of muscles and fluid changes (Reschke et al., 2009; Mulder et al., 2014; Koppelmans et al., 2017; Hargens and Vico, 2016; Miller et al., 2018; Mulavara et al., 2018). Sensorimotor performance declines are also exhibited following HDBR; multiple studies have shown that post-HDBR postural stability and functional mobility declines are similar to those exhibited post-flight (Reschke et al., 2009; Mulder et al., 2014; Koppelmans et al., 2017; Miller et al., 2018; Mulavara et al., 2018; Lee et al., 2019). Due to this, HDBR serves as an effective analog environment in which to investigate spaceflight countermeasure efficacy.

Artificial gravity is implemented on Earth as short-radius centrifugation, resulting in centripetal acceleration along the long axis of the body. AG has been shown to be generally well tolerated in humans, with one study showing over 97% of total sessions were completed without incident during 21 days of 6° HDBR where participants received 60 continuous minutes of daily centrifugation (Arya et al., 2007). Additionally, higher magnitudes of centrifugation (3+ G along a supine subject’s X-axis) have been shown to result in similar visual-vestibular changes in otolith function tests as astronauts following a Spacelab mission (Bles et al., 1997). More recently, it has been shown that intermittent (six bouts of 5 mins) AG reduces orthostatic intolerance following 5 days HDBR to a greater extent than 30 mins of continuous AG (Linnarsson et al., 2015) while also being more highly tolerated by participants (Clément et al., 2015). In the same AG campaign as our current investigation (Artificial Gravity Bed Rest – European Space Agency or “AGBRESA”), it was concluded that participants sufficiently tolerated both AG conditions, continuous and intermittent, but that the intermittent group tolerated it marginally better as evidenced by heart rate and blood pressure recorded while in the centrifuge, motion sickness scores and rating of perceived exertion immediately following centrifugation (Frett et al., 2020). Participants underwent 960 centrifuge runs overall, with only 10 runs being terminated early (eight continuous); only one termination was a result of severe motion sickness (Frett et al., 2020). Overall, AG participants reported similar levels of perceived exertion, sleepiness, affect scores on the Positive and Negative Affect Schedule (PANAS) test, and cardiovascular reactions (Frett et al., 2020).

Moore et al. (2010) aimed to investigate the effects of 21 days of 6° HDBR combined with 60 continuous minutes of daily AG on spatial orientation measured in the upright position. Compared to controls that did not receive AG, AG participants showed no direct effects of AG or HDBR, but demonstrated more errors on a spatial orientation test for 48 h after exiting HDBR (Moore et al., 2010). In a separate study, participants underwent 21 days of HDBR at 6°, where they either received 1 h of continuous AG via centrifugation per day or received no AG (Seaton et al., 2007). The participants that underwent AG had more off-nominal scores (75% of the total) on the WinSCAT cognitive assessment than controls did (25% of the total), as assessed immediately following AG. However, with a small sample size it is uncertain whether performance declines were due to centrifugation or reduced motivation and heightened distraction in the AG participants (Seaton et al., 2007). AG has also been shown to have no negative effect on sensorimotor performance (Lackner and DiZio, 1998; DiZio and Lackner, 2002), however, it did not appear to increase performance either when assessed through application of Coriolis forces generated from room rotation speeds up to 20 rpm. Thus, studies that have applied 1 h of AG have shown detrimental, acute effects on cognitive function.

Here, we administered a similar battery of cognitive and sensorimotor assessments as we have previously applied in our HDBR and spaceflight studies (Koppelmans et al., 2017; Cassady et al., 2016; Yuan et al., 2016, 2017, 2018a,2018b; Hupfeld et al., 2019, 2020; McGregor et al., 2020, 2021; Salazar et al., 2020, 2021; Banker et al., 2021). Our primary aim in the current study was to examine whether centrifugal artificial gravity applied along the long axis of the body at approximately 1G at the center of mass modulates the effects of HDBR on sensorimotor and cognitive performance. We hypothesized that (1) 30 mins of daily artificial gravity would at least partly mitigate the cognitive and sensorimotor performance declines occurring with 60 days of HDBR relative to HDBR controls who do not undergo AG; and (2) participants that receive AG intermittently (six, 5 min bouts per day) would perform at a similar level as those that receive AG continuously (one, 30 min bout per day) while tolerating AG better.



MATERIALS AND METHODS


Participants

Twenty four (8 F, 33.3 ± 9.17 years, 174.6 ± 8.6 cm, 74.2 ± 10.0 kg) participants volunteered for this study and were assigned to one of three groups. Two groups received centrifugal artificial gravity applied either (1) continuously in one 30-min bout daily (cAG); or (2) intermittently in six bouts of 5 min with 3 mins between each bout, daily (iAG). The third group served as a control group (Ctrl) that received no artificial gravity. All subjects were familiarized with AG twice (BDC-11 and BDC-4) during the baseline phase, prior to being separated into groups. Participants were screened for AG tolerance to ensure they would be able to complete centrifugation. They were also selected to be as close as possible in age, sex and education level to astronauts, yet it was not an exclusion criteria. Three participants exited the study early and were subsequently replaced; their partial data sets are not considered here. All participants provided their written informed consent. The University of Florida and NASA Institutional Review Boards as well as the local ethical commission of the regional medical association (Ärztekammer Nordrhein) approved all study procedures. Informed consent was obtained from all participants. They underwent 60 days of 6° strict HDBR and performed a range of sensorimotor and cognitive tasks both in and out of the centrifuge at multiple time points prior to, during, and following the 60 day protocol. The measures implemented in this study overlap with those in our ongoing NASA supported flight and prior bed rest studies (Koppelmans et al., 2013; Cassady et al., 2016; Yuan et al., 2016, 2017, 2018a,2018b; Hupfeld et al., 2019, 2020; Lee et al., 2019; McGregor et al., 2020, 2021; Salazar et al., 2020, 2021; Banker et al., 2021; Mahadevan et al., 2021).



Head-Down Tilt Bedrest

Participants were maintained in a strict 6° head-down tilt for 24 h per day as per the International Guidelines for Standardization of Bed Rest Studies in the Spaceflight Context.1 They were allowed to maintain this either on their back or side, but performed all activities and hygiene maintenance in these positions. Transportation to and from testing facilities within the building was conducted on a specially designed gurney that maintained the HDBR position. For 14 days prior to bedrest and 14 days following, participants were kept under observation at the:envihab facility to restrict free movement and reduce confounding behavior. Participants were kept on a controlled diet that was strictly enforced and had biometrics frequently monitored.



Artificial Gravity

Artificial gravity was applied through the Deutsches Zentrum für Luft- und Raumfahrt German Aerospace Center’s (DLR) short-arm human centrifuge with a radius of 3.8 m (see Frett et al., 2020). Rotational speed of the centrifuge was set to maintain an acceleration of 1g at the center of mass and approximately 2g at the feet along the long axis (Gz) of the body. Speeds ranged from 29.1 rotations per minute for the tallest subjects, to 32.2 rotations per minute for the shortest subjects. Participants were instructed to remain in the supine position with their head toward the center of the centrifuge and avoid head movement while in the centrifuge. Rotation direction was alternated daily within group so that half of the participants in a group were spun clockwise and the other spun counter-clockwise per day. There was a medical team on site supervising.



Behavioral Assessments


Sensorimotor Assessments


Functional Mobility Test

To assess overall mobility, participants performed the Functional Mobility Test (FMT; Mulavara et al., 2010; Koppelmans et al., 2013). The FMT is a short obstacle course, measuring 6 × 4 m that the participant must move around, under and over foam obstacles and both firm and soft surfaces from a seated position. This was designed by NASA to measure astronauts’ mobility in order to gauge their ability to rapidly egress in emergency situations. We examined the total completion time for the course on the first of 10 trials, to minimize the influence of motor learning in our analysis.



Computerized Dynamic Posturography

To assess dynamic postural control, we utilized computerized dynamic posturography (Equitest, NeuroCom International, Clackamas, OR, United States; Reschke et al., 2009). This assessment includes several sensory organization tests (SOT); equilibrium scores are calculated from the peak-to-peak excursion of the center of mass (estimated at 55% of total height, Wood et al., 2012). This is administered through three, 20-s trials (Nashner, 1972; Paloski et al., 1992). We administered the SOT-5 with eyes closed on a sway-referenced platform that forces more reliance on vestibular afferent inputs and the SOT-5M during which the participant makes ±20° head pitch movements at 0.33 Hz paced by auditory tones (Wood et al., 2015). The median scores of the three trials for SOT-5 and SOT-5M were used for statistical analyses.



Purdue Pegboard Test

To assess bimanual coordination we measured completion time on the bimanual condition of the Purdue Pegboard test (Tiffin and Asher, 1948). The Purdue Pegboard assesses manual dexterity through measuring the time it takes to place 15 small, metal pegs into fitted holes with the two hands. Total completion time was recorded and used for statistical analysis.




Cognitive Assessments


Spatial Working Memory

We also administered multiple tests of cognitive function, including measures of processing speed, mental rotation, and spatial working memory. We used three tasks to probe spatial working memory performance; (1) a spatial working memory task (SWM; Anguera et al., 2010), (2) Thurstone’s 2D card rotation test (Ekstrom and Harman, 1976) and (3) a three dimensional cube task (Shepard and Metzler, 1988). While performing the SWM task, participants had to mentally connect three dots on a screen that formed a triangle. The dots would disappear for a short retention phase (3 s) then three new dots would appear and the participants would be required to identify if it was the same tringle rotated, or a different triangle (Anguera et al., 2010; Salazar et al., 2020). They also performed a control task, where instead of seeing a second pair of dots, they would see a single dot with a very short retention period (200 ms) and have to identify if that single dot was one of the previously presented three dots. They performed 30 trials, and response time and accuracy of responses were measured and analyzed. While performing the 2D card rotation task, participants were presented with a two dimensional drawing of an abstract shape. They were then given eight new drawings and asked to identify if the new drawings were a rotated or mirrored version of the original drawing (Ekstrom and Harman, 1976; Salazar et al., 2020). To assess their performance, we recorded completion time, amount completed (if the test was not completed in 3 mins), and accuracy. For the 3D cube rotation task, participants were presented with a three-dimensional image of a cube assembly, created from stacked smaller cubes, for 3 s. Followed by a 2 s retention phase, two new cube assemblies would appear and the participants must identify as quickly as possible which of the two figures was the original, yet rotated cube assembly (Shepard and Metzler, 1988; Salazar et al., 2020). Reaction time and accuracy were measured and analyzed.



Digit Symbol Substitution Task

To assess processing speed we measured completion time and accuracy on the digit symbol substitution task (DSST; Weschler, 1986). During the DSST, participants are presented with a sheet of paper that requires them to match numbers with symbols according to a key at the top and to “decode” a variety of symbols on paper.



Rod and Frame Test

We used the Rod and Frame Test (RFT) to assess visual dependence for perception (Witkin and Asch, 1948). During the RFT participants must align a rod to their perception of Earth’s vertical. The rod is viewed within a frame, both of which may be tilted relative to vertical. The participant views the screen by looking in a “tunnel,” thus removing any room visual cues. We used the frame effect and response consistency (a measure of variability) to test for any changes in visual dependence.



Cognitive-Motor Dual Tasking

We also assessed performance on cognitive-motor dual tasking. Participants were instructed to monitor a visual display. An “X” would appear in a small box either to the left or right of the center of the screen, indicating the respective response buttons that should be pressed for a given trial (right side, right button, etc.). During the cognitive task, participants monitored a separate, visual display box that appeared on the same screen, immediately above the response button boxes which rapidly changed colors; they were instructed to count the number of times the box turned blue. This occurred rarely making the task comparable to an oddball task. Both of these tasks were performed individually (in a single task condition), and combined (in a dual task condition) prior to performing the dual task condition. For analysis, performance declines from single task (ST) to dual task (DT) were calculated as dual task cost (DTC; (DT − ST)/ST × 100). DTC can be used as a marker of central processing capacity (Tombu and Jolicoeur, 2003), as a higher DTC would suggest interference and higher processing loads. We have previously used DTC to analyze changes in HDBR analogs (Yuan et al., 2016, 2017).




Peri-Centrifugation Assessments


Paced Auditory Serial Addition Test

To assess performance during centrifugation we administered a selection of tasks during and immediately following centrifugation on a weekly basis; controls performed the same tasks in bed using the same, weekly timeframe. cAG and iAG performed the Paced Auditory Serial Addition Test (PASAT) (Gronwall, 1977) during the last 5 mins of their centrifugation session. During this, the participants listened to a recording that presented pseudo-random, numerical stimuli every 3 s. They were instructed to continuously sum the previous two numbers and verbally respond with an answer. This was performed during centrifugation, and reaction time and accuracy were measured for statistical analysis.



Motion Sickness and Illusory Motion

To assess performance in artificial gravity, we also measured (1) post-AG illusory motion and (2) motion sickness responses. Post-AG illusory motion was recorded immediately following centrifugation with the participants in the dark and with their eyes closed. As participants were coming to a stop, they were instructed to press a button when they perceived that they were no longer moving, or that they perceived the direction of their rotation had reversed. This was measured as the time difference between the actual stop of the centrifuge and the button press. Negative values indicate the participant has perceived that they have come to a stop before they actually have, while positive values indicate the time it takes for them to perceive they have come to a stop after they have physically stopped.

We used the Motion Sickness Assessment Questionnaire (MSAQ; Gianaros et al., 2001) to assess motion sickness immediately following centrifugation in those that received AG. Participants were asked a short list of questions and responded along a 1–9 (9 being the most severe) scale. Control subjects were assessed on the same day as AG, yet in their normal setting. The average value of these responses were utilized to assess motion sickness.




Timeline

Sensorimotor and cognitive tasks were measured before, during and following HDBR + AG (Figure 1). The bimanual Purdue Pegboard test and all cognitive tasks were measured 7 days prior to entering HDBR, on day 29 and 58 of HDBR and 10 days post HDBR. The FMT and SOT were not administered during this same timeline as they require upright stance. Thus, they were assessed pre- and post-HDBR. The FMT was collected on BDC-7, and the day of exiting HDBR (R + 0). The SOT-5 was collected 1 day prior to entering HDBR (BDC-1) and on R + 0. Peri-centrifugation measures were administered on approximately days 8, 15, 22, 29, 36, 43, 50, and 57 of HDBR (i.e., weekly).


[image: image]

FIGURE 1. Testing Timeline. Entering head-down tilt bed rest (HDBR) occurred on day 0. Cognitive and sensorimotor measures were collected at various points before, during and following HDBR. Peri-centrifugation tasks only occurred during HDBR. Filled black dots represent data collection time points for the Purdue Pegboard and cognitive assessments. The open filled black circles represent the data collection time points of the posture and balance tasks. The half-filled dot indicates that all sensorimotor and cognitive assessments were collected at that time. The blue dots represent the peri-centrifugation task collections. The day relative to entering HDBR upon which the data were collected is plotted. Only data collection time points used for statistical analysis are included in this figure.




Statistical Analyses

We used the nlme package (Pinheiro et al., 2022) in R 3.6.1 (R Core Team, 2019) to fit linear mixed effects models with restricted maximum likelihood (REML) to test for changes over time. Within each model, subject was entered as the random intercept to allow for different starting points of each participant (as we did in previous work Koppelmans et al., 2017). We evaluated three models to examine group differences in: (1) the effect of the HDBR + AG environment, (2) recovery from the HDBR + AG environment and (3) the direct effects of centrifugation. In the first and second models the two artificial gravity groups were combined to increase statistical power. Only statistically significant effects from model 1 were included in model 2 to assess their recovery following HDBR + AG. In several cases the data were not normally distributed; we addressed this by log transforming the data prior to statistical analyses. We corrected for multiple comparisons within each model with the Benjamini-Hochberg false discovery rate correction (Benjamini and Hochberg, 1995); findings are presented in Tables 1–3.


TABLE 1. Effect of HDBR + AG environment.
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TABLE 2. Recovery from HDBR + AG environments.
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TABLE 3. Effect of Prei-centrifugation.
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The Effect of the HDBR + AG Environment

In the pre/late-HDBR model, time was considered as a continuous variable to assess the effect of the AG intervention on performance. Group was entered as a dependent variable, whereas age, sex, and days in HDBR were entered into the model as covariates. For most measures, such as the cognitive measures and Purdue Pegboard, we assessed performance 7 days prior to entering HDBR (BDC-7), 29 days in HDBR (HDBR29) and 58 days in HDBR (HDBR58). The SOT and FMT require the participant to be in upright stance, which is not allowed during the strict HDBR period. Thus, they were assessed pre- and post-HDBR. The FMT was collected on BDC-7, and the day of exiting HDBR (R + 0). The SOT-5 was collected 1 day prior to entering HDBR (BDC-1) and on R + 0.



Recovery From the HDBR + AG Environment

This model was only applied in cases where there were significant changes from pre- to late HDBR + AG, in order to assess recovery. Here, time was considered as a continuous variable to assess the recovery profile. Group was entered as a dependent variable, whereas age, sex, and days in HDBR were entered into the model as covariates.



Direct Effects of Centrifugation

This model utilized time as a continuous variable to evaluate performance changes during the 60 days of HDBR while the participants are experiencing, or immediately following, AG. Only the peri-centrifugation metrics (PASAT, motion sickness response, post rotary motion illusion duration) were included in this analysis. Group was entered as a dependent variable, whereas age, sex, and days in HDBR were entered into the model as covariates.






RESULTS

The results of all statistical models are presented in Tables 1–3, where findings that are bolded and underlined were initially significant and remained so following the Benjamini-Hochberg correction.


The Effect of the HDBR + AG Environment

There were no interaction effects between the AG versus control groups on HDBR performance (Table 1). Results indicate a significant main effect from pre to post-HDBR in FMT performance (p = 0.0002, Figure 2), reflecting an increase in total completion time following HDBR. There was also a significant main effect for the SOT-5M test, as posture control performance decreased following HDBR (p = 0.0002, Figure 3). There was not a significant interaction with AG group; however, the initial post-bedrest equilibrium score was 10.4 points greater for those who underwent AG relative to the controls. There were no significant changes in cognitive measures related to HDBR or AG group.
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FIGURE 2. Functional Mobility Test (FMT) performance changes pre- to post-HDBR and post-HDBR recovery. HDBR resulted in a significant increase in completion time (p = 0.0002) for all subjects regardless of AG group. Completion time recovered to pre-HDBR levels by 10 days post-HDBR (p = 0.013). Significant differences are noted by *.



[image: image]

FIGURE 3. Balance (SOT-5M) changes from pre-HDBR to post-HDBR and post-HDBR recovery. The Sensory Organization Task 5 with head movements (SOT-5M) performance changes in Equilibrium Score indicate an effect of HDBR on balance performance for all groups regardless of AG (p = 0.0002). There was a significant recovery of performance post-HDBR (p = 0.043). Significant differences are noted by *.




Recovery From HDBR + AG

There was a significant main effect seen as an improvement in FMT completion time between the first and second post-bedrest test (Figure 2; p = 0.0013). Additionally, there was also a similar significant main effect in SOT-5M equilibrium scores (Figure 3; p = 0.043), as participants recovered performance toward pre-HDBR levels.



Effects of Peri-Centrifugation

Results (Table 3) indicate a significant interaction effect of HDBR and AG on both PASAT accuracy (p = 0.01) and reaction time (p = 0.0001); both iAG and cAG groups were more accurate and responded more quickly than controls, who performed the task outside of the centrifuge (Figure 4). A significant main effect was identified in PASAT accuracy (p = 0.0001), with accuracy increasing over the duration of HDBR for all groups. Main effects of sex were also found on both PASAT accuracy (p = 0.013) and reaction time (p = 0.013). There was a significant HDBR + AG interaction (p = 0.032) and main effect of group (p = 0.040; Figure 4) identified in motion sickness response. To further examine this, we removed the control group from analysis to determine if the two AG groups were different. The post hoc analysis revealed that the continuous AG group having an overall higher self-reported motion sickness score than the intermittent group (p = 0.002; Figure 5). A main effect for group in post-AG rotary motion was also identified; the cAG group took significantly longer to perceive that they had come to a full stop following centrifugation (p = 0.05; Figure 6).
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FIGURE 4. Paced Auditory Serial Addition Task (PASAT) changes during HDBR. PASAT accuracy results indicate that both AG groups performed with higher accuracy throughout HDBR (p = 0.015) than the control group, although all groups increased accuracy through HDBR (p = 0.0001). There was also a significant group by time interaction (p = 0.01) for PASAT reaction times. Significant differences are noted by *.
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FIGURE 5. Motion Sickness Response throughout HDBR. Motion sickness response scores indicate a significant group difference between the two AG groups, cAG and iAG, that is maintained throughout the entirety of HDBR (p = 0.04). This group difference is noted by the * in the figure. The iAG group had less motion sickness than the cAG group. There is also a significant group by HDBR interaction of these two AG groups (p = 0.032).
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FIGURE 6. Post-AG Illusory Motion throughout HDBR. Post-AG response times indicate that iAG had a lower level of post-AG illusory motion (p = 0.036), indicating that they perceived coming to a stop sooner than the cAG participants.





DISCUSSION

Here, we investigated the efficacy of artificial gravity applied by short-arm centrifugation to counteract the sensorimotor and cognitive declines associated with HDBR, a standard spaceflight analog environment. As is typical, performance on several tests declined with HDBR. Thirty minutes of daily AG did not mitigate these declines on tasks measured following HDBR. However, participants that received AG performed better on tasks administered during or immediately following centrifugation compared to those who did not receive AG and performed the same tasks. Moreover, those that received AG intermittently in six daily bouts of 5 mins tolerated centrifugation better and experienced less post-AG illusory motion than those that received it continuously.


Sensorimotor Performance

Previous bed rest studies have identified sensorimotor declines in mobility and balance, as well as declines in fine motor control (Koppelmans et al., 2017; Miller et al., 2018; Lee et al., 2019). Those declines have been shown to model the functional declines of astronauts following long duration spaceflight. Here, we found that FMT and SOT-5M performance decreased as a result of HDBR. Thirty minutes of daily AG did not significantly mitigate these declines, nor did subjects that received AG during HDBR recover to a greater magnitude post bed rest in our measures. While there was no statistically significant effect of 30 mins of daily AG on these balance and mobility measures, it is notable that the AG group’s decline in their SOT-5M equilibrium score with HDBR was 10.4 points less than that of control participants. Moreover, a recent study from the same campaign showed that some postural control measures declined less in bed rest for participants that received AG (De Martino et al., 2021). Thus, a higher dose of AG (in terms of duration and/or magnitude) may prove beneficial. Alternatively, this could be due to the limited sample size, as the effect size for a group comparison on SOT-5M performance between the AG and CTRL post-HDBR is 0.67. This is a large effect size that could be detected in future, larger studies. Additionally, here, the subjects were exposed only to passive AG as they were not actively moving while on the centrifuge. It is possible that if they were required to perform a sensorimotor task during centrifugation that this could alter the results. Exercise in addition to centrifugation may also increase the limited effect of AG, as previous investigations have shown promising results (Wood et al., 2011; Diaz-Artiles, 2015; Diaz-Artiles et al., 2018; Mulavara et al., 2018; English et al., 2019). Overall, AG did not have a negative effect on any of our measures.



Cognition

Head-down tilt bed rest is frequently used as a spaceflight analog as it replicates the axial body unloading, headward fluid shifts and sensory reweighting that are seen with spaceflight (Roberts et al., 2015; Hargens and Vico, 2016). When assessing cognitive-motor dual-tasking abilities in a prior 70 day bed rest campaign, we identified lower dual-tasking performance in subjects that underwent HDBR, but a greater improvement in counting accuracy while dual tasking in HDBR compared to controls who did not enter HDBR (Yuan et al., 2016). Functional MRI collected during dual-tasking identified that during HDBR the same subjects had higher brain activity in frontal, parietal and cingulate cortices. Others have investigated the effects of 12° HDBR on cognition, finding only small effects on cognitive speed (Basner et al., 2018). When we assessed the same dual-tasking measures in the VaPER campaign (which combined 30 days of bed rest with elevated ambient CO2), we found decreases in dual task cost of brain activity in the superior frontal gyrus that returned to baseline after exiting HDBR + CO2 (Mahadevan et al., 2021). Further, in the same campaign, our group found performance on the digit symbol substitution test was significantly worse, as were card rotation accuracy and amount completed (Lee et al., 2019). In the same HDBR campaign others identified cognitive deficits, such as a change in speed-accuracy tradeoff (participants became slower and more accurate) and shown that HDBR + CO2 is associated with decreased performance speed for various cognitive tests; effects were most prominent for sensorimotor assessments (Basner et al., 2021). In the present investigation, we identified no cognitive declines with HDBR, nor any effects of AG. Failing to identify cognitive deficits associated with HDBR is not uncommon, in our previous investigation of 70 days of HDBR with an exercise countermeasure we found no evidence of cognitive deficits with these same measures. As discussed above, we identified cognitive performance changes in the recent VaPER campaign (Lee et al., 2019), however, this would support the notion that those changes were more likely caused by the increased CO2 instead of HDBR. Our finding would be in contrast of other work that showed modest changes in cognition related to HDBR, but not related to CO2 or AG; predominantly, those finding identified slowing in sensorimotor speed (Basner et al., 2021). It is possible, however, that brain activity may change without task performance declines, due to compensation or substitution of brain networks relied upon (Rothi and Horner, 1983). We collected functional MRI data in the current sample while participants performed several cognitive and sensorimotor tests; thus, we will be able to investigate this in future analyses.



Centrifugation

Artificial gravity did not appear to have an effect on sensorimotor and cognitive measures throughout HDBR, but it did affect task performance during or immediately following centrifugation. Both AG groups in the current study were significantly more accurate on the PASAT than controls, who performed the test in bed. Additionally, both cAG and iAG groups had faster response times than controls. It is likely that there were effects of learning across the weekly sessions, as we see performance increase with each session. However, the two groups (AG vs CTRL) still performed significantly different across the HDBR period, suggesting that any effect of learning did not interfere. Similar to what has been previously reported (Clément et al., 2015; Linnarsson et al., 2015), we found that continuous AG induced higher motion sickness than intermittent AG. Interestingly, the control subjects had higher initial motion sickness scores, despite not receiving the AG intervention. This is likely an effect of HDBR, as they had also recorded some dizziness at this time. Overall, their scores decrease as they likely adapt to HDBR. Moreover, continuous AG resulted in a longer period of post centrifugation illusory motion than intermittent AG. Overall, performance on tasks during or immediately following centrifugation is higher than when tasks were performed in HDBR. Performance benefits were similar for continuous and intermittent AG, with those undergoing intermittent AG tolerating it better. These effects are somewhat counter to those described in the introduction (Bles et al., 1997; Arya et al., 2007), which found that 1 h of daily AG resulted in acute cognitive declines. Thus, the daily duration of AG may interact with performance. However, we did not assess performance on the PASAT before the participant entered bedrest, making it possible that there were group differences prior to HDBR.



Limitations

Primary limitations of this study include a small sample size. While this study included more participants overall than several prior HDBR studies (Cassady et al., 2016; Lee et al., 2019), the sample size is still relatively small per group (n = 8). Since several effects trended near standard statistical significance thresholds, a larger study may prove more informative. Additionally, our post-HDBR + AG recovery time point was 10 days following the exit of HDBR + AG. HDBR alone has been shown to result in similar transient sensorimotor deficits, with recovery to near baseline levels 24–48 h following the exit of HDBR (Cassady et al., 2016; Miller et al., 2018). Thus, it is possible that we missed some effects of re-adaptation to the normal upright environment.




CONCLUSION

In this study we evaluated whether artificial gravity would mitigate cognitive and sensorimotor declines resulting from HDBR. We identified decreases in sensorimotor performance that showed no interaction with AG, and a lack of overall cognitive findings. However, centrifugation was shown to have a direct, acute effect on performance. Participants that received AG intermittently tolerated it better than those that received it in one continuous bout. In future analyses we will examine brain activity changes and their relation to behavioral performance. While we may not see significant differences in our behavioral assessments, it may be that brain activation patterns are changing to compensate for, or as a result of, AG.
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INTRODUCTION

Microgravity challenges the human body and brain in many different ways. One of the most evident challenges is the altered functioning of sensory systems, including absent support afference, degraded proprioceptive feedback and unreliable vestibular input. The result is a conflict between the input from different channels, which is resolved through sensory realignment and reweighting (Horak et al., 1990; Block and Bastian, 2012). Vision remains informative and gains priority in the planning and feedback for locomotion and manual actions during spaceflight (Berger et al., 1997). The greater role of visual input in sensorimotor coordination is usually analyzed in the context of compensatory strategies or sensory reweighting and in comparison with other sensory modalities (Kornilova and Kozlovskaya, 2003; Clément, 2007). Alterations and adaptations within the visual system per se, including the transformed interplay of its subsystems, has not been the focus of previous analyses. As we will demonstrate below, experimental studies of the changes in sensorimotor coordination during spaceflight or in ground-based microgravity models usually address performance in specific visually guided motor tasks rather than more basic neurocognitive mechanisms of the adaptive processes.

We suggest that the theory of two visual systems (Goodale and Milner, 1992; Rizzolatti and Matelli, 2003; Kravitz et al., 2011) is a promising framework for facilitating the understanding of sensorimotor coordination in space. Two streams, or pathways, in the neural processing of visual information, both originate in the primary visual cortex (Mishkin and Ungerleider, 1982). The ventral stream (the “what” pathway) ascends to the anterior part of the temporal lobe and provides information for visual awareness, or conscious perception (the “vision for perception” system). Meanwhile, the dorsal stream (the “where” or “how” pathway) ascends to the parietal lobe and propagates to the premotor cortex; it is considered to be the “vision for action” system since it is involved in the processing of spatial information critical for visually guided actions such as object and tool manipulation, and it is believed to be immune to visual illusions and to function independently of subjective states of consciousness (Milner and Goodale, 1995; Giese and Rizzolatti, 2015).

In this opinion paper, we will briefly review the facts that are potentially relevant for predicting alterations in the ventral and dorsal pathways during the actual spaceflight and in ground-based microgravity analogs. We will also discuss the idea that the dorsal and ventral streams may be affected differently during a microgravity-stimulated recalibration of sensorimotor coordination.



VENTRAL PATHWAY IN MICROGRAVITY

The ventral visual subsystem's primary function is the recognition and identification of visual objects and events; it is believed to incorporate visual memory representations of object categories, individual objects, and features such as color and shape, and to utilize an allocentric frame of reference (Norman, 2002; Jang and Jang, 2018). The ventral stream is recruited in tasks that require verbal judgments on visual stimuli (Milner, 2017). Findings relevant to these aspects of visual perception may be used as markers of the functioning of the ventral stream.

Scarce evidence suggests that microgravity may induce subtle changes in color perception, mainly in perceived brightness and saturation (Schlacht et al., 2009 for review). The recognition of complex objects such as faces remains generally preserved. The absence of a gravitational frame of reference and the “upright” direction in the spaceflight environment has implications for object recognition since the crew is frequently exposed to unusual points of view of objects, including upside-down perspectives. One possible adaptation may be the development of viewpoint-invariant recognition abilities. This could lead to a disappearance of the inversion effect in face recognition (poor recognition of upside-down faces, popularized as the Thatcher illusion). However, the inversion effect is preserved, as has been revealed on the Mir space station. Furthermore, the memory for novel faces suffers during the flight compared to pre- and post-mission measurements, which indicates difficulties in the ventral stream rather than its hyperfunctioning. So, if they exist at all, viewpoint-invariant representations developed during a spaceflight are limited to familiar objects seen from different viewpoints on a daily basis (for a review, see Leone, 1998).



DORSAL PATHWAY IN MICROGRAVITY

The primary function of the dorsal stream is the visual guidance of behavior (Norman, 2002). Frequently studied special cases include manual actions performed with stationary visual targets (pointing, aiming, reaching, and grasping) or with moving objects (tracking and catching). The dorsal subsystem incorporates spatial representations such as the 3D structure of objects and spatial relations, and it enables mental spatial manipulations such as rotation (Freud et al., 2016); it processes dynamic features such as motion direction or speed and is able to utilize an egocentric frame of reference (Norman, 2002). The dorsal pathway is recruited for visuomotor control (Milner, 2017). Evidence on these aspects of perception and action may be used as markers of the functioning of the dorsal visual stream.

The characteristics of visually guided movements in microgravity are task-dependent (Bock et al., 2003). During space missions, pointing (with variations such as aiming and step-tracking) has been found to slow down without any loss of accuracy (Berger et al., 1997; Sangals et al., 1999; Mechtcheriakov et al., 2002; Bock et al., 2003; Casellato et al., 2016); the same is true for grasping (Bock et al., 2003). In some Mir station crew members (but not in others), the duration of movements recovered in a couple of months after the launch. However, the presence or absence of visual feedback affects pointing accuracy but not the velocity profile of the movement. Microgravity, in contrast, did not affect pointing accuracy, but it decreased peak velocity and acceleration (Berger et al., 1997; Mechtcheriakov et al., 2002). Converging evidence from Neurolab experiments was reported by Bock et al. (2001, 2003). Therefore, the transformation of pointing actions cannot be attributed to specific adaptations of the dorsal visual pathway. Data from parabolic flights are contradictory [aiming slowed down (Crevecoeur et al., 2010, 2014), while reaching was unaffected (Gaveau et al., 2016; Macaluso et al., 2017)], which indicates that the adaptation of the velocity profile needs time to unfold.

The hand movements involved in catching a ball are initiated earlier during a space mission than in terrestrial conditions. This suggests that, even in weightlessness, humans use an internal model of the Earth's gravity rather than relying on a Gibsonian direct perception when anticipating object motion (McIntyre et al., 2001). A dedicated fMRI study by Indovina et al. (2005) showed that using such internal models in normogravity may be implemented as an interplay between dorsal pathway areas (such as MT) and the vestibular neural network. The internal gravity model may be adjusted by training using mental imagery of an object's motion in space station vs. terrestrial environments (Gravano et al., 2021).

For manual tracking, the data are inconsistent; some studies find it slowing down during a space mission (Manzey et al., 2000) and others report that it is unaffected (Bock et al., 2003). Decrements in manual tracking performance may be driven by microgravity effects per se, most prominently during the early adaptation phase (accuracy may recover in about 3 weeks), and by attentional impairment due to stress and fatigue later in the mission (Manzey et al., 2000). Consistent with this, Kornilova et al. (2016) showed that optokinetic stimulation improves both visual and manual tracking in a dry immersion microgravity model, supposedly by recruiting more attentional resources (which may also engage the dorsal stream as a neural substrate of attention; Corbetta and Shulman, 2002).

Adaptation to the space station environment with its absence of the gravitational vertical and the presence of a variety of viewpoints for all surroundings may involve a boost in the traveler's mental rotation ability (Leone, 1998), which again implies the activation of the dorsal pathway. The available evidence suggests that this ability remains unaltered (Leone et al., 1995) or may indeed be slightly improved (Matsakis et al., 1993). Transient microgravity in parabolic flights does not change mental rotation abilities in an object-based reference frame (Grabherr et al., 2007; Dalecki et al., 2012), but inconclusive evidence exists for the egocentric reference frame (impaired: Grabherr et al., 2007; unchanged: Dalecki et al., 2012; improved: Meirhaeghe et al., 2020). Such discrepancies may reflect dynamic adaptation in the dorsal stream upon entering the microgravity environment.

Data on the egocentric reference frame also suggest the active adaptation of the dorsal stream to microgravity. When asked to reproduce a reference line from memory by adjusting a test line's tilt, participants on Earth estimated the vertical and horizontal lines with greater accuracy than other orientations, but only for the upright (vs. tilted) body position. In space, the horizontal or vertical line superiority persisted, but within the egocentric rather than the allocentric reference frame (Lipshits and McIntyre, 1999; McIntyre and Lipshits, 2008). At the same time, Watt (1997) showed that maintaining an accurate egocentric spatial map may be challenging in microgravity. Cheron et al. (2014) found electrophysiological evidence for the transformation of top-down signals within the visual system during a navigational task in virtual reality aboard the ISS, suggesting a reorganization of the dorsal pathway. Although they are each subtle, dorsal stream modifications during the flight may become crucial cumulatively, since astronauts demonstrate a drastic decline in the ability to drive a vehicle soon after re-entry to Earth (Moore et al., 2019).



DISCUSSION

The available evidence from numerous studies on visuomotor coordination in space hardly leads to a systematic inference about the functioning of the ventral and dorsal streams during spaceflight. The active use of the egocentric frame of reference in microgravity suggests an increased role of the dorsal visual stream. This hypothesis is in general agreement with other suggestions, but to test it directly, access to dissociable measures of the two streams' functioning is needed. The most straightforward approach requires neurophysiological equipment. For instance, EEG-based ERPs may be used to describe the complex dynamics of parietal cortex adaptation to ground-based microgravity models (Wang et al., 2017). Robust behavioral measures have been developed within the perception-action framework. Dissociation may be observed through a comparison of the drawing of an actual object (model) vs. copying the object from another drawing or reproducing it from memory (Milner and Goodale, 1995). Another technique involves a comparison of the ventral-originated representation (accessed through verbal report) and the dorsal-originated representation (accessed through motor output) of geometric properties such as size, distance and tilt. Dissociation between the two types of estimations may be reliably found for geometrical-optical illusions. The between-finger distance in a hand about to grasp an object may accurately reflect its size (dorsal-stream estimation), while verbal judgments of the same object's size (ventral-stream estimation) may be prone to illusions (Aglioti et al., 1995). The same logic may be used for pointing and tracking (Bruno et al., 2008; Stöttinger et al., 2012) to estimate the activation of the two visual subsystems and their balance in microgravity.

Drawings and geometrical illusions have already been evaluated in microgravity conditions, but only as representational drawings (i.e., with eyes closed) for the former and only with verbal estimations for the latter. Villard et al. (2005) showed that the strength of illusions that involve a misinterpretation of depth (the inverted-T; horizontal Muller-Lyer; Ponzo; and Hering illusions) significantly decreased during a parabolic flight. Only the inverted-T illusion, but not the Ponzo or vertical Muller-Lyer illusion, decreased in strength during a long-term space flight aboard the ISS (Clément et al., 2012). In line with these findings, the ambiguity of perceptions of depth-reversible drawings, such as the Necker cube, gradually increased in a long-term space flight, while in terrestrial conditions the same observers tended to have a preferred interpretation that they saw more often than the other interpretation (Clement et al., 2015). However, these results provide no information on the interplay of the two visual subsystems since the dissociation requirement was not met and only the ventral stream output was tested.

A dissociation between the verbal and motor estimations of the Ponzo and Muller-Lyer illusions was tested in dry immersion conditions, and both were found to be sensitive to the absence of support afference (Sosnina et al., 2019; Sosnina I. et al., 2021; Sosnina I. S. et al., 2021). In the proposed paradigm, participants are presented with the illusions or a neutral pair of lines of the same length on a touch screen; they are asked either to give a verbal estimation of which line section is longer and by what percentage, or to provide a motor estimation by sliding their finger over each line (Karpinskaia et al., 2016; Lyakhovetskii and Karpinskaia, 2017). We believe that the further development of this line of research, beginning with a careful analysis of the illusions and the different estimation tasks in ground-based models and further bringing the ventral vs. dorsal visual stream dissociation experiments to space, will significantly contribute to our knowledge on perception and action in space travelers.
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Background: The vestibular (otolith) function is highly suppressed during space flight (SF) and the study of these changes is very important for the safety of the space crew during SF missions. The vestibular function (particularly, otolith-ocular reflex–OOcR) in clinical and space medicine is studied using different methodologies. However, different methods and methodologies can influence the outcome results.

Objective: The current study addresses the question of whether the OOcR results obtained by different methods are different, and what the role is of the different afferent systems in the modulation of the OOcR.

Methods: A total of 25 Russian cosmonauts voluntarily took part in our study. They are crewmembers of long duration space missions on the International Space Station (ISS). Cosmonauts were examined in pre- and post-flight “Sensory Adaptation” and “Gaze Spin” experiments, twice before (preflight) and three times after SF (post-flight). We used two different video oculography (VOG) systems for the recording of the OOcR obtained in each experiment.

Results: Comparison of the two VOG systems didn’t result into significant and systematic differences in the OOcR measurements. Analysis of the static torsion otolith–ocular reflex (OOR), static torsion otolith–cervical–ocular reflex (OCOR) and static torsion otolith–ocular reflex during eccentric centrifugation (OOREC) shows that the OOREC results in a lower OOcR response compared to the OOR and OCOR (before flight and late post-flight). However, all OOcRs were significantly decreased in all cosmonauts early post-flight.

Conclusion: Analysis of the results of ocular counter rolling (OCR) obtained by different methods (OOR, OCOR, and OOREC) showed that different afferent systems (tactile-proprioception, neck-cervical, visual and vestibular afferent input) have an impact on the OOcR.

Keywords: otolith-ocular reflex, ocular counter-rolling, afferent systems, spaceflight, centrifugation


INTRODUCTION

Long-term weightlessness during SF is a unique way to modify the input signals from the otoliths, which allows the identification of the character and dynamics of vestibular function changes (VF). These modifications are accompanied by the development of space adaptation syndrome and space motion sickness. Changes can occur during flight as well as during the initial period after landing on Earth (Kornilova et al., 2017).

A retrospective analysis of the otolith-ocular reflex (Miller and Graybiel, 1971; Homick and Reschke, 1977; Baumgarten et al., 1982; Diamond and Markham, 1983, 1998; Oman et al., 1986; Reschke et al., 1986; Watt, 1987; Moore et al., 1991; Kornilova, 1997; Young and Sinha, 1998), obtained by different researchers before and after spaceflight, showed contradictory results. Some of the researchers found significant changes in OCR after spaceflight, while others (Clément and colleagues) found no significant change in OCR after flight compared with before flight in 18 astronauts tested after (short term) shuttle missions (Clément et al., 2007). A possible reason for this could be the duration of the shuttle missions, <2 week, while the data collected in other studies cover astronauts and cosmonauts who spend 6 months in space. Another difference, however, may be due to the difference in vestibular stimulation between static tilt and centrifugation (Moore et al., 2005).

A recent study (Hallgren et al., 2016) has shown a decreased OCR reflex in the 25 astronauts after long term spaceflight. Thus, this confirmed the previously observed significant changes in OCR after spaceflight. However, when compared with previously published data, new questions arose: different dynamics of OCR changes after spaceflight and the absence of pronounced atypical changes (inversion or complete absence of the otolith reflex). Data comparison was also complicated by different data samples (different astronauts and cosmonauts participated in various studies). Moreover, a comparative analysis of the otolith reflex under conditions of a real and simulated (“dry” horizontal immersion or head-down tilt bed rest) weightlessness (Naumov et al., 2021) demonstrated the influence of non-vestibular afferentation on the intensity of the otolith-ocular reflex and its dependence on other sensory inputs. While not directly affecting the vestibular input, prolonged dry immersion and bedrest nevertheless led to changes in the otolith-ocular reflex similar to changes observed post-flight.

Thereby, the inconsistency in OCR studies could be due to a different flight duration, number of flights, individual adaptation mechanisms and as well as characteristics of the onboard activities [countermeasures, dynamic flight operations (EVA)] during spaceflight. Additionally, different methodological approaches, instructions and techniques adopted by the scientists who tested the cosmonauts are hypothesized as contributing factors to the inconsistencies regarding the observed otolith responses.

In this study, we tried to take a more rigorous approach. The main aim of the current study was to conduct a comparative analysis of the OOcR obtained by different methodologies in the same cosmonauts before and after long duration SF and to evaluate the role of different afferent systems in the modulation of the otolith-ocular reflex. An additional goal was to conduct a comparative analysis of the OOcR obtained by different methodologies based on measurements of an artificial eye.



MATERIALS AND METHODS

The 25 Russian cosmonauts (37–59 years old, average age of 46) who enrolled in this study participated in the International Space Station (ISS) increments 29 till 46. All crewmembers experienced microgravity aboard the ISS, with a duration between 124 and 340 days. Cosmonauts were examined in pre- and post-flight clinical and physiological examinations and during two space experiments: “Sensory Adaptation” (SA) and “Gaze Spin” (GS). All cosmonauts took part in both experiments for assessment of the otolith–ocular reflex (OOR)/otolith–cervical–ocular reflex (OCOR) (SA), and otolith–ocular reflex during eccentric centrifugation (OOREC) (GS). All tests were performed in the Yuri Gagarin Cosmonaut Training Center (GCTC) in Star City near Moscow (Russian Federation). Two preflight measurements were conducted 1–2 months before spaceflight and consisted of 2–3 baseline recordings (called Baseline Data Collection–BDC). The2–3 post-flight measurements were conducted in the first 2 weeks after landing. These post-flight time points are denoted as “early” when the cosmonaut was tested on the 2–3 days after landing (R + 2/3), “mid” when tested between the 4 and 5 days after landing (R + 4/5), and “late” when tested the 9–12 days after landing (R + 9/12). It was impossible to test all cosmonauts on the same day, due to medical and organizational limitations.

All participants gave their written informed consent prior to their participation.

The state of the vestibular function during SA and GS experiments was recorded using video oculography (VOG) method.

During the SA experiments, described earlier by prof. L. Kornilova and her team (Kornilova et al., 2007a,b, 2011b,2012), the otolith mediated ocular reflex, representing the vestibular function in cosmonauts, was evaluated using two different methodologies (Kornilova et al., 2007c).


Static Torsion Otolith–Ocular Reflex and Static Torsion Otolith–Cervical–Ocular Reflex

The OOR Was Assessed as an Amplitude of Compensatory Ocular Counter-Rolling When the Body (With a Fixed Head and Straight Neck) Was Tilted Upon a Verbal Command to the Right and Left Side With an Amplitude of 30°

The OCOR was assessed as an amplitude of compensatory ocular counter-rolling (OCR) when the head was 30° tilted, upon a verbal command, to the right and left shoulder. In order to remove the dynamic impact on the static reflex, the subject’s head or body was kept tilted in each position for at least 16 s. The angle of tilt was recorded, and the position was manually monitored and controlled by the instructor using an inclinometer (Figure 1).


[image: image]

FIGURE 1. Visual representation on how the OOR and OCOR were conducted. Right, whole body tilt with restricted neck/head movement (OOR). Left, head tilt (OCOR).


The measurements of the OCOR and OOR were performed in a sitting position and in a darkened room after a 2-min dark adaptation. The OOR measurements were performed with a fixed head using a neck collar.

During both measurements, the horizontal, vertical, and torsional eye movements were recorded using the Chronos Vision Eye Tracking Device (ETD) (Berlin, Germany). The VOG helmet was equipped with high-frequency infrared video cameras with a recording frequency of 200 frames per second. The range of recording of the horizontal and vertical eye movements was up to 55 and 35°, respectively. VOG recordings were processed using the ETD Iris Tracker built-in software; the accuracy of recognition of the eyes position in all planes was <0.05°.

The VOG calibration was performed using the so-called “5-point calibration,” the gaze fixation and tracking of the sequence of saccadic movements of a visual target (with a size of about 1°) by 10° to the left/right, upward/downward, and to the center. Subsequently, horizontal and vertical eye movements were analyzed in the VOG recordings by recognizing the pupil center using the Hough transformation, a feature extraction technique used in image analysis. Using artificial neural networks and cross-correlation analysis made it possible to detect the torsional displacement of the iris segment (Clarke et al., 2002).

The outcome measures of the static tests were defined as the gain of the OOR and OCOR (the ratio between the angles of OCR and tilts of the head/body) denoted, respectively, as gOCOR and gOOR.



Static Torsion Otolith–Ocular Reflex During Eccentric Centrifugation

During the Gaze Spin experiment the same otolith mediated ocular reflex was evaluated during rotation on a short radius off-axis centrifuge resulting in the third otolith-ocular reflex measurement–OOREC.

The OOREC was evaluated as an amplitude of compensatory OCR when the test subject was rotated on the VVIS (Visual and Vestibular Investigation System) chair–a small off-axis centrifuge built by the European Space Agency (ESA) for the Neurolab shuttle mission (Buckey and Homick, 2003). The test subject was securely fixed in the chair and head movements were restricted. The entire room was darkened to avoid visual motion feedback during rotation. The centrifuge (Figure 2) allowed earth vertical rotation with the subject placed on a fixed distance of 0.5 m from the axis of rotation. In front of the test subject, a screen was placed on which visual targets were presented during parts of the experiment. After a baseline recording, the cosmonaut was subjected to 1 g for 5 min in a counterclockwise (CCW) direction and subsequently 5 min in a clockwise (CW) direction. In between rotations, the subject’s seat orientation was rotated 180°. As a result, the subject was always facing the direction of motion, i.e., right-ear out (REO) during CCW rotation and left-ear out (LEO) during CW rotation. The maximum velocity of 254°/s was chosen to obtain an outward centripetal acceleration of 1 g and an upward gravitational acceleration of 1 g, such a shear force constitutes a virtual sideways tilt of 45°. The resultant of accelerations acting upon the head and body is called the gravito-inertial acceleration (GIA) depicted on Figure 3.
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FIGURE 2. The Visual and Vestibular Investigation System (VVIS) and perception of GIA for evaluation of the otolith mediated ocular reflex during centrifugation (OOREC).
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FIGURE 3. Visual representation on how the subject perceives GIA and the ocular counter roll (OCR).


The OCR, torsional movements of the eyes, was recorded using a three-dimensional infrared AUREA (Antwerp University Research center for Equilibrium and Aerospace) VOG system built by Hamish MacDougall (Sydney University) and used in previous studies for OCR recordings (Hallgren et al., 2015, 2016). As a second step we analyzed the recorded OCR eye movements, using a visual programming language (custom made in LabView by Hamish MacDougall–National Instruments–11500 N Mopac Expwy, Austin, TX, United States). Subsequently, the gain of the OOREC was calculated as the ratio between the degree of the OCR and the tilt of 45° induced by GIA (gOOREC).

During off-axis centrifugation, the net linear acceleration stimulating the otoliths is the (vector) sum of the centripetal and gravitational acceleration, GIA (see vectors in the Figure 3). During centrifugation GIA is interpreted as the true vertical, with the consequence that the subject experiences a sensation of tilt.

Since we used two different VOG systems for the analysis of the otolith reflex, we compared both systems to rule out systematic differences. Hereto, we used an artificial eye and a specific calibration system holding the goggles in place. To estimate the accuracy of both VOG systems, used to measure ocular counter rolling (OCR), we used a 5-point calibration and 8 torsional tests where the artificial eye was rotated over 5°CW and CCW.



Analyses

The quantitative and comparative analysis of parameters of our study were performed by use of parametric and non-parametric statistical methods as well as correlation analyses. Mean, variance, variation range, and coefficient of variation were evaluated for each parameter. In all cases of examining our statistical hypotheses [the normality of distributions, homogeneity (equality) of variances, significance of differences, etc.], the critical level of significance α was 0.05. The hypotheses about the statistically significant differences between preflight and post-flight values were examined using a repeated measures ANOVA.

The normality of distributions was examined using the Kolmogorov–Smirnov/Lilliefors test, and the homogeneity of variances was examined using the Levene’ test. Statistical analyses were made in excel, Matlab and SPSS Statistics.




RESULTS


Comparison of the Video Oculography Systems

Based on repeated measurements of each of the VOG system (AUREA, VOG, and ETD), it was possible to obtain sufficient data for analyzing the torsional movement of the artificial eye (Table 1). There was no statistically significant difference between both systems (Mann Whitney U-test). Furthermore, the difference [or delta Δ (%)] was within 5% in average value of these measurements for each system and CW and CCW eye movements.


TABLE 1. Comparison of ETD and AUREA VOG systems.

[image: Table 1]
Therefore, we can conclude that measurements of the otolith reflex obtained by different VOG-systems are unbiased and independent from the type of used system.



Otolith–Ocular Reflex, Otolith–Cervical–Ocular Reflex, Otolith–Ocular Reflex During Eccentric Centrifugation

According to the processed results obtained in the Laboratory of Vestibular Physiology of the Institute of Biomedical Problems (IBMP) (Kornilova L.N., Naumov I.À., Glukhikh D.O., Ekimovskiy G.À.), there was no statistically significant difference between the OOR and OCOR measurements within the same group of cosmonauts (Naumov et al., 2021). However, studies of the OOR and OCOR pre- and post-flight measurements have shown a significant reduction in the tonic (static) components of the vestibulo-ocular responses during post-flight readaptation. In some cases (22%), a complete abolishing or inversion of the OCR was observed (Naumov et al., 2015; Kornilova et al., 2017).

Preflight, the amplitude of compensatory OCR was within the physiological range of 4–8°. The reflex was symmetrical, except for one cosmonaut who had an OCR of 4° in tilting the head to the left side, but had an OCR of −7°to the right side.

Repeated measures ANOVA revealed a statistically significant time effect for all cosmonauts. A significant decrease of the OOR/OCOR was observed 2–3 days after their return (R + 2/3), compared to BDC (preflight). The decrease was still significant, but less, 4–5 days after their return (R + 4/5) compared to BDC. At day 9–12 after their return (R + 9/12), no significant difference was observed any more, compared to BDC.

Analysis of the vestibulo-ocular reflex during centrifugation on Figure 4 shows the mean alteration of OOREC for the same 25 cosmonauts, averaged over both directions of rotation and both eyes (Hallgren et al., 2016). The figure displays the OOREC for the preflight session [0.13 gOOREC (6.4° ± SE)], as well as the three post-flight sessions of the experiment. For the majority of the analyses, the focus was on the contrast between the OOREC preflight and early post-flight measurements. Most of the cosmonauts were tested on day three and/or on day five after return. At approximately 5 days after return, the otolith function starts to re-adapt and at day nine we see that most of them are fully re-adapted to Earth’s gravitational level, 1 g.


[image: image]

FIGURE 4. The gOOREC (mean ± SD) for the 25 astronauts before and after SF, averaged over the two directions of rotation and both eyes (∗–significant difference from BDC, p < 0.05).




Comparison of Reflexes Obtained by Different Methods

Clockwise rotation, inducing a subjective tilt to the left, was compared with the static head and body tilt to the left. CCW rotation was compared with the static head and body tilt to the right. For all 25 cosmonauts, we obtained statistically significant differences between OCR reflexes obtained in static head/body tilts compared to rotation on the VVIS chair on BDCs, R + 4/5 and R + 9/12. No difference was observed early post-flight (R + 2/3). Figure 5 represents the OCR data for the three different methodologies (static head tilt, static body tilt, centrifugation) for all cosmonauts and for both centrifugation directions.
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FIGURE 5. Comparison of gOOR/gOCOR/gOOREC (A–tilt body/head to the right/CCW rotation, B- tilt body/head to the left/CW rotation, ∗–significant difference between gOCOR/gOOR and gOOREC, p < 0.05).





DISCUSSION

It is well known that SF, presented as a form of sensory stimulus and through the central mechanism of reinterpretation, requires changes of the established response patterns which are constant in Earth’s gravitational condition. Evidence of sensory reinterpretation is appearing as post-flight changes in static vestibular-cervical-ocular responses (Dai et al., 1994, 1998; Clement and Reschke, 1996; Clément et al., 2001).

The Russian space experiment SA, which induces a static head/body tilt, has shown a significant decrease of the amplitude or even inversion and absence of the compensatory ocular counter-roll during post-flight measurements (Naumov et al., 2015; Kornilova et al., 2017). The observed changes of the otolith-ocular reflex and otolith-cervical-ocular reflex (OOR/OCOR) seems to be determined by reflex mechanisms (as confirmed by a decreased but still present OOR/OCOR during a static head tilt due to cervical proprioceptive afferentiation), and by the central deafferentation of the vestibular afferent signal in early readaptation to the gravitational field of Earth (as confirmed by inversion or absence of the OOR/OCOR).

However, in four astronauts of the Neurolab (STS-90) expedition the amplitude of the otolith-ocular reflex in-flight and post-flight was almost unchanged (Moore et al., 2001), probably due to the in-flight centrifugation. Therefore, an intermittent exposure to artificial gravity could prevent changes of the otolith-ocular reflex in microgravity.

Post-flight data suggests that adaptation to microgravity is accompanied by a central, deep and prolonged suppression of the OCOR. Recovery, after return to Earth, takes some time during which there is a readaptation of the otolith function to the Earth’s gravitational level of 1 g take place (Kornilova et al., 2012, 2017). It is known that in these recovery processes, the nodulus and uvula of the cerebellum play an important role (Cohen et al., 2002, 2019).

The phenomenon of the decreased or absent static torsion OCR observed in- and post-flight is consistent with the results of histological studies in monkeys and rats exposed to microgravity (Moore et al., 2003). They showed that morphological features of hypofunction of the utriculus receptor cells reduces the afferent input to the vestibular nuclei, which can result in an impairment of vestibular impulses to the cerebellum flocculus.

Given that no statistically significant differences were found between the used VOG systems, we can attribute the observed difference between the static head and body tilts and dynamic centrifugation test purely to physiological processes. We did not find statistically significant differences between the OOR and OCOR measurement methodologies. It can be the cause of different afferent systems (tactile-proprioception, neck-cervical, visual and vestibular afferent input) that were included in the process of the reflexes. The difference between the two tests is that there is a contribution of neck afferentation during the OCOR test, however, during the OOR test there is a contributing afferentation from low tonic back muscles condition on the back, after long-term exposure in weightlessness. Previous research has shown that the ocular counter roll induced by head tilt does not differ from whole body tilt (Zingler et al., 2006). Results of assessment of changes in vestibular function and, particularly in otolith function after long-term space flight, obtained by Russian researchers (Kornilova, 1997, 2001; Clarke et al., 2000; Kornilova et al., 2002, 2007a,b,2017; Hallgren et al., 2015, 2016; Naumov et al., 2015). It was found that there is a decrease in OCR early after return from space, and that this reflex regains the preflight amplitudes approximately 1–2 weeks after return in the normal gravitational environment of Earth.

Thus, the only remaining novel observation in our experiment to be explained is the preflight difference between centrifugation induced OCR compared to a static head/body tilt, as well as why this difference disappears early post-flight. One can hypothesize that the OCR induced by centrifugation is a function of several components. The most prominent one is the shear force, induced by GIA, on the otoliths that generates an OCR. However, there is a difference between the left and right otolith system since on average the inner otolith is located at a distance of 46 cm from the center of rotation and the outer at 54 cm (Nowé et al., 2003). This difference in distance results in a 17.4% difference in g-force. This difference between both otolith systems may cause an inhibition in OCR output, since it actually consists of an intra-vestibular conflict (Wetzig et al., 1990). It can be hypothesized that conflicts within the central nervous system can lead to inhibition of reflexes, to limit the conflict. This can even take place at the cortical level, as shown in a parabolic flight study (Demertzi et al., 2015; Van Ombergen et al., 2017). Similar inhibition of VOR gains during rotation to the healthy side are observed in the early phase of a vestibular neuritis in dizzy patients to limit the degree of asymmetry (Cohen et al., 2017). This could be a first reason why the OCR is reduced during centrifugation compared to a static body or head tilt.

The second component is an OCR generated by the horizontal semicircular canals as demonstrated by Buytaert et al. (2010). This torsional component is seldom recorded since usually the horizontal nystagmus is much more intense compared to the torsional component. However, when the subject focusses on a target, at specific moments during centrifugation, the canal induced torsional component is present, even 70 s after the acceleration phase when the OCR in opposite direction of the tilt was measured. The time constant of this canal driven OCR is of several hundreds of seconds (Buytaert et al., 2010).

The third component is the proprioceptive input of the chair. When centrifuged in the VVIS chair, the subjects are experiencing a sideway force of 1.6 G at the level of their shoulders and thighs. Despite the use of foam to soften the contact, this proprioceptive input is very prominent and the afferentation pathways add to the otolith input in such a way that the pure otolith reflex is modulated and inhibited. This results in a smaller ocular counter roll that exists prior to space flight as well as a week or longer after landing. Additionally, the sideways push can also give the subject the illusion of undergoing a sideways translation, rather than a tilt, which could also influence the otolith mediated output. This strong proprioceptive input can have a considerable impact on the inhibition of the OCR.

Comparing experiments, one can see a difference in vestibular stimulation between static tilt (which elicits response from the vertical semicircular canals) and centrifugation (which does not). During centrifugation even when fully secured in chair a subject unconsciously strains his body. He is also pressed into the chair during rotation–thus, there is additional tactile-proprioceptive afferentation as well.

However, in the early phase after landing, there was no statistically significant difference observed between both modalities. This could be due to the fact that during space flight the tactile-proprioceptive input was deafferentation to a certain extent (Reschke et al., 1998; Kornilova and Kozlovskaya, 2003), because of the limited tactile-proprioceptive input in prolonged microgravity conditions. Several days after landing, the tactile-proprioceptive afferentation recovers, thereby reducing the ocular counter roll induced by centrifugation. This leads to the observed OCR difference between the static head/body tilt vs. centrifugation. Additionally, the otolith system itself is deprived of afferent information during the extended period of space flight, leading to the known OCR decrease early after landing (Clarke et al., 1993, 2002; Clarke and Kornilova, 2007; Hallgren et al., 2016). The inhibitory influence of the canals may very well be hampered, since the intra-vestibular conflict could lead to a central suppression in the gains of the different systems, similar to the one observed during vestibular neuritis. More central inhibition of the canal input will lead to less inhibition of the OCR. As the result, the reduction of the OCR early post-flight is therefore similar to the one observed during a static body and head tilt.



CONCLUSION

During our study we observed several findings that can help us try to understand the mechanisms of otolith-driven reflexes and continue studying the vestibular system with a new point of view on the process:


-Analysis of the VOG systems, based on different types of measurements systems which were included in this study showed no statistically significant difference in the otolith reflex;

-After a long-term exposure to microgravity, the otolith system among returning cosmonauts was highly affected;

-The OOR/OCOR/OOREC reflex was significantly decreased in the 25 cosmonauts who took part in this study;

-Inversion or full absence of OOR/OCOR during the initial readaptation period after long-term SF is due to central deafferentation (“rejection”) of the changed vestibular signal in weightlessness.



Late post-flight, 9–12 days after return (R + 9/12), the OOR/OCOR/OOREC was back at preflight values, indicating a full recovery or readaptation of the otolith system;


-Analysis of the OOcR, obtained by different methods, has shown the dependence from the involved tests of different afferent systems. The difference in OOR/OCOR and OOREC can be explained by afferentation from shoulder proprioceptors subjected to 1.6 G centripetal acceleration. The difference in tactile-proprioceptive input can change the functioning of the vestibular system and particularly the otolith reflex. This has also been observed in earlier studies, in space model experiments such as the Dry Immersion and BedRest studies (Kornilova et al., 2010, 2011a,2013);

-The here performed comparison in the same subjects, pre- and post-flight, shows that the method applied to evaluate the otolith mediated reflex has an influence on the outcome results. Higher gains were observed with static sideway tilts compared to off axis centrifugation, except early post-flight (R + 2/3). Possibly due to additional afferent systems, such as proprioception, that modify the OOcR. These findings may explain several earlier found differences in the literature between different used methods for assessing otolith mediated reflexes.
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A team of experts on the effects of the spaceflight environment on the brain and eye (SANS: Spaceflight-Associated Neuro-ocular Syndrome) was convened by NASA and ESA to (1) review spaceflight-associated structural and functional changes of the human brain and eye, and any interactions between the two; and (2) identify critical future research directions in this area to help characterize the risk and identify possible countermeasures and strategies to mitigate the spaceflight-induced brain and eye alterations. The experts identified 14 critical future research directions that would substantially advance our knowledge of the effects of spending prolonged periods of time in the spaceflight environment on SANS, as well as brain structure and function. They used a paired comparison approach to rank the relative importance of these 14 recommendations, which are discussed in detail in the main report and are summarized briefly below.

KEYWORDS
brain, eye, SANS, mitigation, strategies, astronaut, human spaceflight, expert opinion


Introduction

This document is the result of discussions and work by the NASA-ESA Brain and SANS (Spaceflight-Associated Neuro-ocular Syndrome) Expert Team, which was convened in 2020–2022 by NASA and ESA. The team members were Mathias Basner, Rachael D. Seidler, Alexander C. Stahn, Claudia Stern, Floris L. Wuyts, and Peter zu Eulenburg. The group was charged with (1) reviewing what is known regarding human brain changes occurring with spaceflight, SANS, and any interactions between the two; and (2) identifying critical directions for future research in this area to solve operational and health issues in space crew.

In the past 6 years, substantial evidence has accumulated that spaceflight affects human brain structure (Koppelmans et al., 2016; Roberts et al., 2017; Van Ombergen et al., 2018, 2019; Lee et al., 2019b; Riascos et al., 2019; Hupfeld et al., 2020, 2022; Jillings et al., 2020; Kramer et al., 2020; Roy-O’Reilly et al., 2021; Barisano et al., 2022; Doroshin et al., 2022). These changes include an upward shift of the brain within the cranial compartment, ventricular expansion, perivascular space changes and white matter alterations. A few studies have further shown that these brain changes correlate with changes in functional behaviors such as posture control (Lee et al., 2019b; Roberts et al., 2019; Koppelmans et al., 2022). The nature of these associations supports the interpretation that some brain changes with spaceflight are “dysfunctional”—that is, they are correlated with poorer performance—whereas others appear to reflect adaptive plasticity (Demertzi et al., 2016; Pechenkova et al., 2019; Hupfeld et al., 2021).

Over the past decade, reports of ocular structural and functional changes following spaceflight have also emerged. For example, in 2011, the first seven cases of eye changes in astronauts after 6-month space missions were described (Mader et al., 2011). These changes were initially termed Visual Impairment and Intracranial Pressure (VIIP) syndrome and later renamed Spaceflight Associated Neuro-ocular Syndrome (SANS) to stress the central nervous system (CNS) involvement. Optic disc edema, globe flattening, choroidal and retinal folds, hyperopic refractive error shift, optic nerve sheath distension and areas of ischemic retina (i.e., cotton wool spots) are all part of SANS (Lee et al., 2020). Because of the increasing number of these changes, a survey study of astronauts was conducted by NASA. 29.3% of Space Shuttle astronauts and 47.7% of 6-month International Space Station (ISS) astronauts reported a change of near and/or distance vision (Mader et al., 2011).

Numerous questions remain about the brain and ocular structural changes that occur with spaceflight, including whether and how they relate to each other, what the behavioral consequences of each might be, whether they occur with greater frequency and/or magnitude with longer duration missions, what the characteristics of the postflight recovery timeline are, and what the underlying causal factors and mechanisms may be, to name a few. Here, we lay out our recommendations for the most critical near-term research to protect the health and operational performance of future human space travelers.

We are well aware of constraints in crew time for participating in research, and our recommendations take these constraints into account. We do, however, want to stress that in light of small subject samples repeated assessments can help to better characterize the individual astronaut as well as improve the resolution of temporal changes during all phases of a spaceflight mission.

We acknowledge that the impact of radiation in combination with microgravity is still to be unraveled. All the acquired data to date from low-earth orbit (under the protective umbrella of the magnetosphere) shows no radiation effects on the most susceptible cranial structures, the centrum semiovale of the white matter of the brain. We believe that the impact of radiation in combination with microgravity is still to be unraveled, but beyond the scope of this position paper as no data exist from beyond low-earth orbit. The longitudinal study by Chylack et al. (2012) and Özelbaykal et al. (2022) could not demonstrate a significant relationship between space radiation exposure and progression of aggregate area of posterior subcapsular cataract or nuclear progression rates. There is currently no evidence regarding whether or not radiation interacts with SANS. This said, an increasing number of studies suggest that chronic low-dose radiation effects are expected to be a critical risk factor for brain plasticity and cognitive performance during future exploratory class missions (Cucinotta et al., 2014; Jandial et al., 2018; Acharya et al., 2019; Zwart et al., 2021). Hence, the experts think this is an important topic for future research even though it is not addressed explicitly here.

The expert panel recommends 14 measures that would substantially advance our knowledge of the effects of spending prolonged periods of time in the spaceflight environment on SANS as well as brain structure and function. These recommendations are discussed in detail below. The panelists developed the recommendations based on their review of the literature and their working knowledge of the subject. To determine the relevance of each of the 14 recommendations, the expert panel used a paired comparison (PC) approach (Kendall and Smith, 1940). In a PC, two items are contrasted, and a scorer decides which of the two items is more relevant. Fourteen items give rise to 91 possible pairwise recommendation combinations; these were scored individually by each panel member (6 × 91 = 546 total paired comparisons; the order in which pairs were presented was randomized for each rater, and each recommendation appeared in 40–60% as the first item). The results of the PC effort based on the panelists’ pairwise rankings are illustrated in Figure 1. “Determining in-flight duration dose-response relationships” had the highest priority (more relevant in 85.9% of paired comparisons) while “autopsy of deceased astronauts” had the lowest priority (more relevant in only 12.8% of paired comparisons). Based on the PC approach, we identified three clusters of recommendations that were subsequently classified as level 1, level 2, and level 3 priority (see Figure 1) with level 1 being the highest level.
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FIGURE 1
Prioritization of recommendations by the team of experts.


In the recommendations below, whenever we refer to changes in brain and eye, we refer to both structural and functional changes. Functional changes can be manifest as brain activity or behavior; we use the term “brain function” here to broadly refer to both. Moreover, for each of our recommendations, where we outline the need to measure aspects of the brain, eye, and behavior, we recommend that the change-change interrelationships between all three also be evaluated. This will provide insight into potential mechanisms and consequences of change. It is not yet clear whether behavioral changes are related to (or arise from) SANS; given the need for precise operational performance in microgravity this is a critical question. And, there is emerging evidence from bed rest analogs to suggest that signs of SANS are correlated with both brain function and behavior.



Level 1 priority recommendations


Recommendation level 1–1: Determine in-flight duration and g-level exposure-response function


Determine the exposure-response relationships for brain and eye changes for mission duration, accumulated days in space, and the effect of g-level transitions for biomarker definition.



Data suggest that the longer a mission takes and the longer a test subject spends in head down tilt during bed-rest studies, the more severe the ocular changes, especially the increase of the retinal nerve fiber layer thickness (Laurie et al., 2019; Macias et al., 2020). Data from shuttle missions show that a 2-week mission duration typically does not induce SANS, whereas a 6-month mission duration does. Hupfeld et al. (2020) also showed greater increases in ventricular volume and free water (cranial fluid) shifts following 1 year in space compared to 6 months. A recent study on the perivascular space in the brain of NASA astronauts showed that shuttle crew had no significant increase after their mission whereas astronauts who spent 6 months in the ISS demonstrated significant perivascular space increase after flight (Barisano et al., 2022). Further, Scott Kelly took significantly longer to re-adapt to Earth’s gravity environment after his 1-year ISS mission compared to his previous 6-month mission (Kelly, 2017; Garrett-Bakelman et al., 2019).

Certain effects build up after 1 to several months in flight, such as increased core temperature, which also persists after landing (Stahn et al., 2017). Ventricular volume increases observed in recent studies also lasted for several months (Van Ombergen et al., 2018, 2019), with larger preflight ventricular volumes in crewmembers who had flown the most recently (Hupfeld et al., 2020). This suggests hysteresis effects, as well as build up or cumulative effects. Case studies showing that astronauts who developed eye changes during the first flight showed even more severe changes during the second flight also support this suggestion (Mader et al., 2013). A recent study reports increased brain perivascular space volume postflight for novice but not experienced astronauts, suggesting that experienced astronauts may exhibit holdover effects from prior spaceflight(s) (Hupfeld et al., 2022). However, another earlier study on perivascular space in a group of over 40 astronauts and cosmonauts, both novice and experienced fliers, showed that both groups developed significant increases in perivascular space after spaceflight. Interestingly, a significantly larger increase in the NASA astronauts was observed compared to Roscosmos cosmonauts (Barisano et al., 2022).

We need to determine exposure-response relationships for adverse brain and eye effects, depending on mission duration, and the effect of accumulated time spent in space. As future missions will involve intermittent periods spent in partial gravity, we also need to investigate which level of gravity is sufficient to mitigate some of the adverse brain and eye effects. These investigations could include sojourns on the Moon surface and/or dedicated (partial) artificial gravity experiments.



Recommendation level 1–2: Plan missions longer than 1-year


Execute at least a few low Earth orbit missions longer than 1-year to inform structural and functional brain and eye changes induced by prolonged exposure to the spaceflight environment.



As of early April 2022, 583 astronauts participated in 1,314 space missions. More than 50% of these missions were 12 days or shorter, only 8.8% were longer than 180 days and only 4 humans have spent consecutively more than 1 year in space (Smith et al., 2020). Thus, we know very little about how astronaut physiology in general, and the brain and eye more specifically, will be affected if we subject astronauts to the spaceflight environment for more than 1 year. This lack of knowledge is concerning because a mission to Mars and back can take 3 years or longer. Astronauts will be exposed to partial gravity while on the surface of Mars, but we do not know whether it will be sufficient to stimulate partial or full recovery from SANS or other brain changes initiated in microgravity. In addition, other stressors commonly encountered during spaceflight will be more extreme compared to low Earth orbit (LEO) ISS missions. These factors include, but are not limited to, radiation exposure, habitat and crew size, lack of rescue opportunity, and communication delays. For these reasons, it may not be possible to extrapolate the psychological and physiological changes observed during 6–12-month LEO missions to longer mission durations and more extreme environments. The fact that SANS was only identified as a significant problem after a relevant number of astronauts stayed for 6 months aboard the ISS corroborates this concern.

This group therefore suggests investigating at least one male and one female astronaut during and after a stay of up to 2 years on the ISS, currently our best analog for exploration-class space missions, before sending humans to Mars. Due to only partial reversibility of some of the structural brain changes (documented up to R+7 months) induced by spaceflight (Van Ombergen et al., 2019; Hupfeld et al., 2020), the group acknowledges potential ethical issues related to subjecting astronauts to even more extensive periods aboard the ISS. At the same time, questions related to the severity and reversibility of structural and functional brain changes induced by long-duration spaceflight do need to be answered before we can safely send humans to Mars.



Recommendation level 1–3: Map the recovery time course


Collect core data for brain and eye as close to landing as logistically feasible and at multiple time points up to a minimum of at least 2 years after missions longer than 3 months.



The circulatory and vascular phenomena associated with head and neck venous congestion resulting from cephalad fluid shift in microgravity are probably reversed instantaneously upon re-entry into the normal gravitational environment. Published studies on cerebrospinal fluid (CSF) flow velocities and ventricular expansion used data from 3 to 10 days after landing. Substantial CSF reabsorption and involution of perivascular space expansion will have already occurred at this point, even though enlarged ventricular volumes and gray matter alterations are still measurable up to 6 months postflight (Van Ombergen et al., 2019).

Core clinical neuroimaging data should be acquired as early as logistically feasible. Without neuroimaging and other core data sampling shortly after landing, we run a high risk of underestimating the structural effects on the brain and eye directly related to mission duration and thus being unable to model these effects accurately. Optical coherence tomography (OCT) data, intraocular pressure, and eye ultrasound from the last week in microgravity compared with postflight OCT data would aid in revealing the changes in intracranial pressure (ICP) during the return phase after a long-duration mission. Measuring as close to landing as logistically feasible will help to accurately capture the magnitude of a pre- to post-flight change, allowing us to understand any medical consequences and effects on long-term health. Measurements at these timepoints are also critical for capturing a full recovery trajectory.

SANS features have been shown to persist for more than 2 years after a long-duration mission. Structural changes in gray and white matter of the brain and expanded ventricular volumes have also persisted for at least 6 months after return to Earth (Van Ombergen et al., 2019; Hupfeld et al., 2020). To better delineate tissue normalization processes of the brain from permanent structural effects, a minimum follow-up period of 2 years for brain and eye should become standard protocol. Higher sampling for the initial mission return phase (2–3 months) could be extended to 6- or even 12-month intervals after 1 year.

In some astronauts, the recovery from spaceflight-induced eye changes is very fast; whereas in a few cases, full recovery does not occur, even years after the mission. In test subjects from the 2019 Artificial Gravity Bed Rest ESA (AGBRESA) ground-based, head down tilt bed rest studies, optic disc edema completely reversed within days in some cases. In all test subjects the edema resolved by the 12 months examination after the end of the head down tilt bed rest exposure. Unfortunately, no other analog studies have assessed optic disc edema recovery; so, the number of subjects is still small, and more studies are needed to be conclusive.



Recommendation level 1–4: Standardize core measures for space and space analog environments


Expand and standardize the core measures in space and space analog research of brain, eye and behavior to allow for cohort and effect size comparisons between environments and experiments.



To fully understand the effects of spaceflight on the human brain and eye, and the resulting impact on behavior, an expanded and standardized set of core measures should be administered internationally. These measures should be harmonized across not only spaceflight, but also analog environments.

The suggested minimal set of standardized core measures are:


Ocular measurements


Minimum core ocular measurements should be performed that take all parameters that are changed by microgravity (and its simulations) into account.



Minimum core measurements should be performed in all space analog experiments and during spaceflight. Newer and more advanced space analog equipment needs to be considered to receive more specific information about different eye changes. This additional sophisticated equipment will probably not match the instruments that are on the ISS but will deliver a better understanding of the origin of the syndrome. Data acquisition can be optimized (especially in OCT scans and software evaluation). Core measurements should assess possible eye changes with methods that will be available in most space analogs and be performed at least pre- and post-mission (0–3 days after return from space). To follow the potential changes, inflight measurements are also crucial and should be performed at least three times during a 6-month mission or a bed rest study 30 days or longer. For missions longer than 6 months, more data points should be collected to reveal the time course of changes.


•Visual acuity: Reduced visual acuity can impact any mission; therefore, it is important to identify and mitigate negative changes.

•Optical biometry: This is the most exact method to identify a reduced length of the eye, which can occur when the globe flattens and may result in hyperopic shift.

•Intraocular pressure: The relationship of intraocular pressure to CSF circulation in retro-orbital space is important in identifying the underlying mechanism of globe flattening and optic disc edema.

•Ultrasound of globe and optic nerve sheath: This is an easy method to perform and to identify globe flattening and optic nerve sheath distension and will be available also on long-term missions since it can meet size and weight limitations of the spacecraft.

•Fundus: Photography by a retinal fundus camera or MultiColor Module by OCT can indicate retinal changes by revealing any choroidal and retinal folds or ischemia-induced cotton wool spots.

•OCT (see Appendix C for further details): OCT is the most important and accurate method to reveal microscopic changes in the central retina and optic nerve, including comparison measurements of retinal and optic disc thickness.

•Optic Nerve and Brain Imaging via MRI: These data should include high-resolution (minimum 0.5–1 mm, may vary depending on sequence type or brain region of interest) 3D T1-, T2-, and susceptibility-weighted images of the head (see health surveillance neuroimaging section below for more details) with a minimum 6-month interval follow-up for 2 years after any long-duration mission (defined as > than 3 months).





Health surveillance neuroimaging


Core health surveillance neuroimaging of the brain and eye should occur as early as logistically possible after mission return (<24 h). Neuroimaging capabilities at sites relied upon by NASA are limited and in need of hardware modernization.



We advise standardized, high-quality, up-to-date MRI protocols for the brain and eye as part of the long-term health surveillance immediately after a space mission (cf. Roberts et al., 2020). Considering the risk for cranial venous congestion as indicated by jugular vein thrombosis, we also advise a dedicated venous vasculature sequence (such as susceptibility-weighted, blood iron-sensitive).

Considerable evidence suggests that the environmental, operational, and psychological stressors associated with prolonged spaceflight can impair hippocampal plasticity and negatively affect performance, and behavior. Radiation (Parihar et al., 2015), CO2 levels (Kiray et al., 2014), vestibular dysfunction (Smith, 2017), stress (Fa et al., 2014), sleep deprivation (Raven et al., 2019), and isolation and confinement (Cinini et al., 2014) each also affect brain health (see Appendix B for details). Neuroimaging measurements must be taken immediately (R+0) after mission return (postflight) to fully understand the degree of intracranial fluid accumulation and structural consequences on the brain. A pilot study in blood-based biomarkers was only recently able to delineate some of the structural consequences for the human brain directly after a long-duration mission (Zu et al., 2021). The timely neuroimaging information will also help reveal all potential clinical aspects of altered head circulation in microgravity, including the upstream intracranial risks associated with the possibility of a jugular vein thrombosis. A major reversal of circulatory blood volume changes should be observable within the first hours after landing.

All core MRI sequences should be acquired in isotropic (3D) resolution where feasible for the respective contrast to allow unbiased quantification of all clinical phenomena with respect to SANS and the brain. This resolution will also allow for long-term support and usability of all data. The core sequences can provide a general neurological and ophthalmological health surveillance, while at the same time acting as supplementary core research elements for use at a later point in time (thus reducing overall scanning crew time later). Please see Appendix B for the proposed core health surveillance MRI protocol and data quality control in detail. We recognize that it may be difficult to implement all of our recommended sequences into health surveillance imaging; this effort could also be accomplished with targeted research projects.

The expert team recognizes that these requirements may be hard to meet at older or multiple-machine facilities. The concerns include the current MRI systems available at UTMB Victory Lakes, which are conveniently located in the vicinity of NASA Johnson Space Center and minimize astronaut time required for scans but are outdated. The use of the same MRI scanner, however, is important to reliably identify structural and functional brain changes in longitudinal studies. In addition, MRI technologies have significantly advanced during recent years, and now allow more tissue-specific, precise, and time-efficient brain imaging. Given the older age of the present MRI system at UTMB Victory Lakes, some of the latest state-of-the-art imaging protocols for monitoring brain health cannot be implemented. Furthermore, long-term studies exceeding standard ISS mission durations, and studies that follow recovery for several years, may exceed the lifetime of these systems. The expert team acknowledges the criticality of crew time and minimizing travel for scans but suggests that clinicians consider whether an alternate, updated MRI system featuring the latest technologies might be available soon to address the strong need for state-of-the-art brain imaging. This need does not really apply to ESA researchers since the fully equipped dual-use 3T scanner (PET-MRI) at DLR :envihab is mid-to-late term now (7 years old) and represents a good upgradable, long-term solution at least until the end of the lifetime of the ISS. This MRI is a research-only scanner integrated into facilities of the astronaut training and return center which at the same time are home to bed rest studies and a short-arm human centrifuge.



Cognition and operational performance measures


To facilitate data pooling and meta-analyses, every astronaut should perform a minimal set of assays that probe cognitive and operational performance. We suggest using NASA’s Cognition and ROBoT-r tasks and to consider using the newly flight-certified Spatial Cognition test battery.



Astronauts have reported cognitive symptoms often referred to as “space fog” or “neurasthenia” especially after initial exposure to the spacecraft environment (Kanas et al., 2001). However, the results of objective cognitive testing in spaceflight vary and often fail to show statistically significant changes (Strangman et al., 2014; Hupfeld et al., 2021). Several factors likely explain the lack of changes in cognitive performance despite numerous insults to the CNS that can affect cognition and are inherent to spaceflight (e.g., microgravity and radiation). These include, but are not limited to: (a) practice effects, i.e., improving performance with repeated administration that may mask spaceflight effects; (b) the lack of adequate ground-based control groups and ground-based normative data for the astronaut population; (c) small number of astronauts and test administrations and the related low statistical power; (d) low sensitivity of cognitive instruments; (e) limited coverage of cognitive domains, i.e., test batteries may be too narrow and fail to detect deficits in domains not assessed by the selected tests; (e) highly trained and motivated astronauts may be able to transiently compensate for spaceflight-induced deficits in cognitive performance; and (f) countermeasures that are in place to mitigate the effects of the spaceflight environment on astronauts that may also benefit cognition (Basner et al., 2015).

Computerized tests typically administered in spaceflight usually assess either basic cognitive functions (e.g., memory, abstraction) or operationally relevant performance (e.g., docking simulators). While performance on basic cognitive and operational tasks are related (Basner et al., 2020b), it is nevertheless important to capture spaceflight-induced deficits separately for both types of task. Cognitive performance has been a focus of many spaceflight investigations; however, each investigator tends to use specific and non-standardized instruments which prevents pooling data across studies and astronauts and systematic meta-analyses (Strangman et al., 2014). Experimenters should instead administer the same set of tests in all astronauts and ground analogs, in addition to tests of specific interest to each investigator. NASA’s standard cognitive test battery Windows Spaceflight Cognitive Assessment Tool (WinSCAT) has been used operationally for many years (Kane et al., 2005). Unfortunately, the five Automated Neuropsychological Assessment Metrics (ANAM) subtests that comprise WinSCAT only cover a limited spectrum of cognitive functions with a focus on working memory.

Our recommendations aim to mitigate some of the shortcomings described above and are in line with decisions made for NASA’s Standard Measures project (Perez, 2018): We recommend using NASA’s Cognition test battery (Basner et al., 2015) and NASA’s Robotics On-Board Trainer (ROBoT-r) (Ivkovic et al., 2019) to assess basic cognitive functions and complex operational performance, respectively. These measures should be assessed in all astronauts and subjects participating in ground analog research studies whenever feasible for comparison. There is also increasing evidence that visuospatial abilities are particularly vulnerable during spaceflight (Reschke and Clément, 2018 for review). Spatial updating, path integration, route learning, way-finding, and cognitive mapping are key to successfully navigating in novel small- and large-scale environments (Wolbers and Wiener, 2014). The criticality of encoding representations about self-to-object relations and integrating this information into a spatial map of the environment for spaceflight operations was highlighted during the Apollo 14 mission (Stahn and Kühn, 2021). Performance monitoring of astronauts should therefore include tasks assessing the encoding, processing, storage, and retrieval of visuospatial information. The recommended profile is thus:


•Cognition—This battery consists of 10 brief cognitive tests specifically designed for high-performing astronauts that cover a range of cognitive domains, including visuospatial and working memory, spatial orientation, abstract reasoning and concept formulation, emotion recognition, abstraction, risk decision making, paired associate learning, visual search, sensorimotor speed, and vigilant attention (Basner et al., 2015). The battery has 15 unique stimulus sets that allow for repeated administration; it has French, Italian, German, and Russian translations; and factors that allow for correction of practice and stimulus set effects (that can otherwise confound the effects of interest) have been previously established (Basner et al., 2020a).

•Spatial Cognition—This evaluation includes a short battery of performance measures specifically targeting key spatial abilities including spatial updating (Wolbers et al., 2008; Stahn et al., 2020), path integration (Goeke et al., 2013), topographic mapping (Hartley and Harlow, 2012; Moodley et al., 2015), and visuo-spatial memory in small scale spaces (Riecke et al., 2010; Nguyen-Vo et al., 2021). The battery relies on well-validated paradigms, has been tested in various spaceflight analogs including bed rest, isolation studies, Antarctica, and parabolic flight, and has been flight-certified by NASA for use on ISS.

•ROBoT-r—The assessment simulates Canadarm2 track-and-capture activities. The task requires use of dual hand-controllers (6 degrees of freedom) to grapple an incoming vehicle in free-drift in a time-limited setting (Ivkovic et al., 2019).



In the Standard Measures protocol tasks are administered at least twice pre-flight, once early in-flight, once mid in-flight, once late in-flight, and twice post-flight. While we acknowledge restrictions in available crew time, we recommend increasing the administration frequency to better characterize each astronaut and the associated performance trajectory during all phases of a mission/study. The pre- and postflight performance assays should be performed on the same day, or as near to the time of the MRI scan as possible, to support the interpretation of the functional and structural imaging data (see also Section 2 Health surveillance neuroimaging recommendations).



Sensorimotor measures


Expanded standardized sensorimotor measures should include not only posturography but also spatial orientation, field tests, and unimanual and bimanual coordination tests.



The negative effects of spaceflight on sensorimotor function are well-documented. These include post-flight impairments in posture control (Layne et al., 2001; Cohen et al., 2012) and locomotion (Bloomberg and Mulavara, 2003; Miller et al., 2010; Mulavara et al., 2010; Cohen et al., 2012), as well as reduced mass discrimination abilities (i.e., reduced ability to identify differences in the mass of two different objects) (Ross et al., 1984) and decreased otolith function to detect gravity (Hallgren et al., 2016), leading to a decreased vestibulo-autonomic reflex (Hallgren et al., 2015). Additionally, negative effects of spaceflight on behavior include in-flight spatial disorientation and dizziness (Young et al., 1984) and changes in gaze holding in response to altered gravity (Clément et al., 1993). Astronauts in microgravity also encounter changes in the perception of self-motion; for instance, one study found immediate alterations in one’s perception of self-motion in the upwards/downwards (pitch), but not left/right (yaw) directions through a virtual tunnel when free-floating in weightlessness, suggesting that weightlessness may negatively affect the early processing stages of self-motion (i.e., vestibular and optokinetic function; see De Saedeleer et al. (2013). Likewise, data collected during parabolic flights have shown that the ability to continuously form and update transient sensorimotor representations about self-to-object relations during locomotion can be impaired during altered gravity levels (Stahn et al., 2020).

Because these behaviors all have high operational relevance, we recommend measurement of manual function, posture control and eye-head coordination. The impact of brain and ocular changes with spaceflight on these metrics is yet to be established, but associations between brain structural changes and these behaviors in spaceflight and bed rest in small samples support that further investigation is warranted (Lee et al., 2019a,b; Roberts et al., 2019). We recommend that these measures include posturography (as currently implemented), tests of spatial orientation (rod and frame, line orientation matching, or similar), spatial updating, path integration, and both unimanual and bimanual coordination (assessed via pegboard or similar tests). Test dates should be coupled with MRI scanning to aid in brain-behavior change interpretations. Pre, in and postflight testing should be included, with field tests administered as close to landing as possible to best understand changes in function.




Recommendation level 1–5: Identify relevant contributing factors


Clarify potentially contributing factors to structural brain and eye changes such as genetics, sex, age, body mass and body mass index, exercise, sleep, environmental exposures, diet, etc.



Microgravity seems to be the key contributing factor for developing brain changes and SANS, as these changes normally do not occur on Earth. Susceptibility varies by individual, however, since within the same mission, only some astronauts are affected. The science community can potentially identify the source(s) for that variability by examining interindividual and environmental factors that might influence and contribute to the observed etiology. Identifying predictors of brain, behavior and ocular changes can lead to better mechanistic understanding and also potentially lead to identification of individual crewmembers needing additional monitoring, training or countermeasures.


Definition of spaceflight-associated neuro-ocular syndrome

The definition of former VIIP, now SANS, has changed throughout the years, which made the comparison of affected cases difficult. The latest definition for the presence of SANS is one or more signs in one or both eyes of chorioretinal folds, change in cycloplegic refraction > +0.75 diopters, globe flattening and a peripapillary increase of total retinal thickness > 20 μm. Applying this definition, about 68% of NASA crew members have been affected by SANS with a predominance of the right eye, which led to the hypothesis that some left-right anatomical difference might play a role in SANS development. Importantly, with increasing mission length and mission quantity, the incidence of SANS is increasing.



Influence of microgravity and fluid shift on different upper body pressure values


Intracranial and intraocular pressure

Due to globe flattening, choroidal folds, protruding optic nerve head, and increase in ventricle volume in SANS, researchers hypothesize that microgravity causes a disproportionate elevation in ICP relative to intraocular pressure (IOP) and thus reduction in the translaminar pressure gradient (TLPG) across the posterior part of the eye (the lamina cribrosa separates the globe from the subarachnoidal space and the TLPG is defined as IOP minus ICP.) Potentially contrary to this simple hypothesis, experimental data from parabolic flight found no increase in ICP, but rather a decrease compared to supine posture (Lawley et al., 2017). It was hypothesized that ICP in weightlessness will stabilize at values between that of upright and supine posture on Earth (Eklund et al., 2016). Moreover, ICP did not increase progressively during 24 h of head-down tilt bed rest. We only see indirect signs of an elevated ICP in postflight MRIs but no standard measurement of ICP inflight has been performed so far. The initial hypothesis that ICP would be—by clinical ground-based standards—pathologically elevated in space is thus not directly supported. The pathology of SANS may be due to the lack of habitual variability of both ICP and volume associated with posture changes on Earth, which may lead to a low, but consistent overload of cerebral structures and the noted structural remodeling.



Optic nerve fluids

Microgravity leads to optic nerve swelling due to excessive interstitial fluid accumulation in the tissues. Thus, the removal of fluid overload in the optic nerve remains a challenge. Unlike the retina and optic nerve, the optic nerve head doesn’t have a specific blood-tissue barrier (Tso et al., 1975). The lack of a specific barrier may predispose the optic nerve head to fluid accumulation during the cephalad fluid shift. Other possible sources of entry of excess fluid in the optic nerve head also exist. They include fluid streaming from tissues surrounding the optic nerve such as optic nerve glymphatics, the optic nerve capillaries, peripapillary choroid, vitreous, and CSF (Mathieu et al., 2017). The drainage of the lymphatic and glymphatic system depends also on the vascular stasis in the upper body, as well as the increased jugular vein pressure (Zhang and Hargens, 2018; Marshall-Goebel et al., 2019). The pulsation of the intracranial vessels as well as the lack of the different gravitational body positions with a change in pressure and fluid circulation seem to have an influence on fluid pooling. The IOP also influences the retinal nerve fiber layer, the prelaminar region of the optic nerve, and lamina cribrosa. A high intraocular pressure can lead to a reduction of perfusion, a reduction in nerve fiber layer thickness and a bulge of the lamina cribrosa in the posterior direction to the nerve. The lymphatic and brain-specific glymphatic circulation have recently been established as a fluid removal system for both the eye (Yücel et al., 2009) and the CNS and might also be impaired in microgravity. Recent approaches to study glymphatic clearance in humans could be applied postflight to better understand how microgravity impacts this system.




Given this background, the following factors may contribute to spaceflight-associated neuro-ocular syndrome and should be further investigated


Age

Most astronauts are at least in their mid-forties when they spend 6 months in space, and many of them have already experienced a previous spaceflight. Thus, whether older astronauts are more affected than younger ones is difficult to determine. Increasing vessel changes with age, additionally induced by space radiation, may play a role. Incidences of SANS and brain changes should be examined as a function of age and spaceflight experience.

Venous sinus congestion: There is a redistribution of venous blood volume toward the head with spaceflight (Hargens and Richardson, 2009; Hamilton et al., 2012; Marshall-Goebel et al., 2019). A small sample of astronauts who developed SANS inflight exhibited greater volumetric increases in the dural venous sinus volumes from pre to postflight than those that did not develop SANS (Rosenberg et al., 2021). Herefore, anthropomorphic factors like body weight might also play a substantial role in the triggering of SANS (Buckey et al., 2018). Thus, this should be further investigated as a potential mechanism to explain the individual variability in SANS development.



Advanced resistive exercise device as countermeasure

The advanced resistive exercise device (ARED) is used as a countermeasure against muscle and bone loss. Unfortunately, it may potentially increase intrathoracic pressure during valsalva-like behavior whilst thereby increasing ICP and potentially fostering the evolution of SANS. This hypothesis is anecdotally supported by the lower number of observed SANS cases in cosmonauts, who seem to use the ARED less often and at lower strength regimes than the USOS crew. A recent study shows that the perivascular space in the brain is significantly increased in the NASA crew with 25.5%, compared to Roscosmos crew with only 12.4% (Barisano et al., 2022). As all crews experienced the same environment aboard the ISS, the authors hypothesize that the differences in PVS enlargement may have been due to, among other factors, differences in the use of ARED and LBNP, which can influence brain fluid redistribution. Laurie and collaborators showed that the use of LBNP in-flight reduces intraocular pressure, supporting the potential effectiveness of this countermeasure against headward fluid shift during spaceflight (Greenwald et al., 2021). Moreover, as shown by Barisano et al. (2022), NASA astronauts who developed SANS already had greater pre- and postflight PVS volumes than those unaffected. Hence, these results provide evidence for a potential link between PVS fluid and SANS.

ARED is a very important device to keep muscle and bone mass during spaceflight. The potential negative effects on SANS should be evaluated in analog studies with ARED-like devices that increase the intrathoracic pressure.



Sex

When eye changes were detected in 2008, the hypothesis formed that women are less affected than men. This possibility is difficult to prove with available data since women have so far represented only about 11% of all space flyers. Brain changes have been investigated also in Russian astronauts which have been mainly men in the last decades. Therefore, not much data on female astronauts or cosmonauts exist to draw robust conclusions.



Genetics

Zwart and Smith discovered in 2012 that astronauts with refractive changes more often have a higher preflight serum homocysteine and cystathionine concentration. Higher preflight serum concentrations of 2-methylcitric acid also tended to be associated with ophthalmic changes. These biochemical differences suggest that the folate- and vitamin B-12-dependent 1-carbon transfer metabolism was affected before and during flight, and that polymorphisms in enzymes of this pathway may interact with microgravity. These differences existed already before flight, suggesting that they may contribute to SANS risk (Zwart et al., 2012). This relationship should be investigated in future astronauts and bed rest test subjects.



Nutrition

Several studies suggest that consuming food rich in antioxidants and anti-inflammatory components such as those found in fruits, nuts, vegetables, and fish may reduce age-related cognitive decline and the risk of developing various neurodegenerative diseases (Melzer et al., 2021). Food that is rich in omega-3 fatty acids is garnering appreciation for supporting cognitive processes in humans and upregulating genes that are important for maintaining synaptic function and plasticity in rodents (Gómez-Pinilla, 2008). It even decreases inflammation, cellular death, and damage to the axons in rodent models after traumatic brain injury which might support the regeneration of brain changes during spaceflight (Smith-Ryan et al., 2020). Adequate food supply to keep a healthy level of vitamins (e.g., Vitamin B 6, 12, A, C, E), antioxidants and omega-3 fatty acids is important to reduce additional risk factors for eye and brain changes and will be a challenge for future very long space missions. Food intake by USOS crew and Russian crew is, in practice, very similar due to exchange of the meals (personal communication). Hence, the difference between NASA and Roscosmos crew regarding the incidence of SANS should not be attributed to the diet.



Sleep deprivation

Sleep deprivation is prevalent in spaceflight (Barger et al., 2014). It not only affects cognitive performance and metabolic health (Banks and Dinges, 2007), but also is a potent risk factor for the development of neurodegenerative disease (Havekes et al., 2019). For these reasons, insufficient sleep is likely an important contributing factor to spaceflight induced changes in brain structure and function. Polysomnography, i.e., the simultaneous measurement of the electroencephalogram, electromyogram and electrooculogram, is the gold standard for measuring the most important aspects of sleep. However, application of electrodes is cumbersome, and the instrumentation is somewhat invasive and may influence sleep, which is why to date few polysomnographic studies have been performed in space (Basner and Dinges, 2014). New and easier to handle measurement devices (e.g., Arnal et al., 2020) have recently become available that will facilitate polysomnographic measurements in spaceflight and space analog environments. Obtaining this type of sleep data is particularly important given that CSF turnover and glymphatic clearance are both enhanced during sleep. Understanding sleep disturbances during spaceflight may thus lead to new approaches for enhancing these processes.




Potential contributing factors of spaceflight-associated neuro-ocular syndrome that had been previously investigated


Salt

Astronaut food was previously high in salt to make it tastier. High salt intake could be a possible contributing factor for fluid retention and swelling of the head mucosa; therefore, salt intake has been reduced in the astronauts’ food. This reduction did not subsequently reduce SANS development.



Carbon dioxide

High CO2 on the space station has been suggested as the cause for eye changes, because of potential vein vasodilation and the resulting increased cerebral blood flow. To explore this possibility, an :envihab research facility head down tilt bed rest study aimed to simulate the effects of microgravity on the human body under increased CO2 conditions. Test subjects were exposed to 0.5% CO2 for 30 days during the bed rest phase. During this study, called VaPER (VIIP and Psychological :envihab Research Study), optic disc edema was present in 5 out of 11 test persons. This study had applied a strict head down tilt with no pillow use (Laurie et al., 2019) and increased CO2 levels. It was not clear which of these variables were responsible for the first-time detection of optic disc edema on Earth.

The AGBRESA (Artificial Gravity Bed Rest—European Space Agency) study also used a strict head down tilt position for an even longer time period (60 days), but with an ambient air environment. During this study, optic disc edema was also detected in test persons under normal CO2 conditions. Thus, even if the bed rest analog is not a complete simulation of space flight effects, elevated CO2 levels comparable to that found on ISS do not seem to play a major role in the development of SANS (Laurie et al., 2021). While Earth-based analogs of the spaceflight environment certainly have their limitations and do not replicate all aspects of microgravity, the fact that signs of SANS have been observed in this environment make it a reasonable approach to studying mechanisms and potential countermeasures. However, head down tilt bed rest is not a perfect match to all features of human spaceflight. One of the main problems may be that −6 degree is not sufficient to fully model SANS, but more than −10 degrees of head tilt is not tolerable for most subjects over longer periods of time and might be unethical due to long-term ocular and retro-orbital tissue alterations. This is a dilemma with no clear solution and full validation of countermeasures will probably only be achieved in the real-life mission scenarios aboard the ISS.




Contributing factors recommendations

We recommend that all the following factors be measured and evaluated in relation to SANS to determine whether they contribute: peak CO2 exposure during a mission, ARED use, lower body negative pressure (LBNP—see section “recommendation level 1–6”) use (frequency and intensity), age, sex, folate status, one-carbon biochemistry, sleep quality and quantity, crewmember body mass, body mass index, salt intake, radiation exposure, frequency of prior spaceflights, total number and duration of prior spaceflights. Many of these factors could be examined using existing datasets via data mining.




Recommendation level—1–6: Study countermeasures’ impact on sans and brain


Investigate a targeted portfolio of exercise and other countermeasures including dosage strategies.



Currently, there are no SANS-specific countermeasures implemented for routine use in-flight. Exercise and LBNP are already in use on the ISS and should be further developed and evaluated. Several mechanical, nutritional, and pharmacological countermeasures, as well as sensory stimulation, are under investigation, while correlations to aggravating factors such as resistive exercise are under review. Adequate countermeasures to prevent or cure SANS are important on an operational level to support astronauts. They also play a key role in understanding the underlying mechanisms and pathologies of this syndrome. Current research is focused on countermeasures for 0 G; in future discussions, the effects of the partial gravity environments of the Moon and Mars may play an important role.

Because headward fluid shift seems to be a key factor in initiating or aggravating SANS, efforts have been directed toward reversing this fluid shift and thereby unloading cerebral structures. A few approaches are recommended below.


Lower body negative pressure

Multiple in-flight and ground-based experiments have, or are currently, investigating efficacy of various mechanical countermeasures on a proof-of-concept level (minutes) or on a short-term level (a few days or 1–2 months using bedrest) to reverse the fluid shift. Lower body negative pressure (LBNP) was suggested as an integrative countermeasure as early as the 1970s (Gurovsky et al., 1973) and has been implemented in-flight during SpaceLab, MIR, and ISS (Charles and Lathers, 1994). This technique has a long history of application (inflight and in ground analogs) and has been shown to unload cerebral structures following a non-linear dose-response relationship. It might also reduce ICP which has not been directly measured inflight so far, but astronauts do report a favorable unloading of the brain feeling. It reduces IOP but not choroidal thickness in astronauts aboard the ISS (Greenwald et al., 2021). Cosmonauts using LBNP inflight also seem to show less SANS. Using LBNP during the whole mission might be effective not only in reducing SANS, but also in reducing the possibility of venous thrombosis, by potentially restoring normal venous hemodynamics and in maintaining blood vessel function and reflexes (Arbeille et al., 2012, 2021; Lee et al., 2014). In 12°HDT with -20 mmHg, LBNP was able to reduce the increase in optic nerve sheath diameter, which is linked to ICP and intracranial CSF (Marshall-Goebel et al., 2017). LBNP was applied as a countermeasure for 6 h per day during the recent NASA study at :envihab (DLR). A recent randomized crossover trial for LBNP in a model of SANS showed the effectiveness of 8 h of LBNP on the choroid engorgement, supporting the growing evidence for LBNP as an effective countermeasure for SANS (Hearon et al., 2022).

The best parameters for applying LBNP still need to be determined. Questions concerning the time (day or night), length, frequency, and amount of pressure need to be answered. The feasibility of long-term LBNP use is also under consideration. Finding the correct pressure is difficult too because of safety concerns related to the cardiovascular response, with potential syncope and reduced central perfusion pressure. The recent MRI based study by Kramer et al. (2022), showed that 25 mmHg of LBNP did not decrease cerebral perfusion, neither internal jugular vein flow stasis. Indeed, 20–25 mmHg seems to be an adequate pressure (Harris et al., 2020), and studies performed 20 years ago showed an advantage for individually determined pressure values (personal communication, Juergen Drescher). Also, whether LBNP should be applied to “prevent or cure” has not been answered yet. More studies in-flight and in ground analogs using LBNP with individual thresholds should be performed with longer usage, preferably during the night, and with newly developed LBNP systems that allow astronauts to sleep and work while in the apparatus.



Artificial gravity

Artificial gravity has been discussed for many years as the best potential countermeasure against SANS (among other physiological systems that would also benefit) on long duration flights. Physicians hope that artificial gravity (AG) could dramatically reduce the adverse effects of microgravity, but engineers have not yet successfully created a system for use in microgravity. During the Neurolab Shuttle mission in 1998, four astronauts were subjected to AG in-flight on the centrifuge called the Visual Vestibular Integration System (VVIS). After flight, their vestibular function was not decreased nor did they show signs of orthostatic intolerance, unlike their counterparts who did not undergo AG (Moore et al., 2001).

Many questions concerning the effects of intermittent gravity on the vestibular system (including spatial disorientation, vertigo, and motion sickness) and on the adaptation to different partial gravity levels (Moon and Mars) still remain and could be explored further in low Earth orbit and ground-based studies. The application of AG during bed rest studies (such as AGBRESA) has not proven to be sufficient for preventing SANS, which might be attributable to the intensity and length of the AG. More studies, with higher AG levels administered for longer durations such as planned during the next ESA Head Down Bed Rest campaigns (2025–2026), should be performed to answer the general question of whether application of AG affects the development of SANS or undesirable effects on the vestibular system and cognition.



Exercise

An extensive body of research suggests that participation in regular exercise programs goes well beyond improving cardiovascular and musculoskeletal fitness, by affecting brain health, behavior, and mental wellbeing. Systematic reviews and meta-analytic studies have reported robust relationships between higher fitness levels and physical activity and brain gray matter volume (Erickson et al., 2014), white matter volume (Sexton et al., 2016), and functional brain network connectivity (Chen et al., 2020; Bray et al., 2021; Domingos et al., 2021; Yu et al., 2021). These findings have been observed across the life-span (Voss et al., 2011; Heinze et al., 2021), and reveal consistent effects in brain regions including, but not limited to, the frontal lobes (prefrontal and temporal cortices), anterior cingulate cortex (ACC), and the hippocampus (Erickson et al., 2014; Firth et al., 2018; Domingos et al., 2021; Ji et al., 2021). These areas are critically important for higher cognitive functions, such as multidimensional executive and control processes, learning, and memory formation. Collectively, these data suggest that exercise could also be a potential countermeasure to mitigate adverse neurobehavioral effects associated with long-duration spaceflight. This suggestion is supported by recent evidence from bed rest studies using task functional imaging (Friedl-Werner et al., 2020). Likewise, bed rest data also confirm the potential of exercise as a cue for maintaining circadian rhythm (Mendt et al., 2021), which is also linked to optimal cognitive performance (Chellappa et al., 2018).

The ability of certain types of exercise, frequency, intensity, and duration to maximize such brain effects is still unclear, and the best exercise program for the brain may be different from protocols optimized to minimize bone and muscle loss, or cardiovascular deconditioning. The best effects may be achieved by combining physical exercise with a sensory stimulation that immerses the user in a virtual 3D environment (Vessel and Russo, 2015). Such a multi-countermeasure approach could deliver an increased level of experiential diversity, which has been shown to be critical for brain plasticity (Stahn et al., 2019; Heller et al., 2020). However, there are also suggestions that resistive exercise may increase intraocular and ICP, which should be taken into consideration when using exercise as a potential countermeasure (Zhang and Hargens, 2014; McMonnies, 2016).



Nutrition

As alluded to previously, Zwart et al. (2016) have shown that B vitamin status is a significant predictor of SANS, suggesting that a simple nutritional countermeasure may at least partially reduce the risk of SANS.





Level 2 priority recommendations


Recommendation level 2–1: Increase the number of female astronauts


Increase statistical power for sex comparisons.



It is currently unclear from available published data whether women and men show similar brain and ocular changes with spaceflight, since only about 11% of space travelers have been women (Smith et al., 2020). In head down tilt bed rest studies, no sex difference in developing optic disc edema could be detected (Laurie et al., 2019). For a better understanding of potential sex-related factors considering this asymmetric representation, we need better access to past and future research data to achieve robust calculations. This recommendation is also in line with the NIH 2015 policy mandate to investigate sex as a biological variable1.

In addition, an extensive body of research demonstrates significant sex-dependent molecular, structural and functional brain differences (e.g., Cahill, 2014). Recent large-scale and meta-analytic studies reveal structural and functional brain differences between men and women, including brain gray and white matter volumes and structures critically involved in spatial navigation such as the hippocampus, caudate nucleus, and precuneus (Ritchie et al., 2018).

On Earth, males also typically outperform females on motor and spatial cognitive tasks, while females are faster in tasks of emotion identification and non-verbal reasoning (Satterthwaite et al., 2015). Further, spatial ability and its neural circuitry show sex-specific differences. Considerable evidence exists for sex-dependent differences in spatial navigation performance and strategies (Boone et al., 2018), which have been associated with different levels of hippocampal activation (Grön et al., 2000). It is unclear whether such differences also exist in astronauts, and if and to what extent, spatial navigation and related brain changes are differently affected after spaceflight in men and women. Sex differences have not been reported in brain changes with flight to date. Reschke et al. (2014) found that female astronauts more frequently reported space motion sickness and postflight vestibular instability symptoms than males, but objective, quantitative postflight postural control measures show no difference in occurrence.

Visuo-spatial abilities are involved in various operational skills such as docking, landing, exploring, and navigating in new environments and on planets with low gravity. Spaceflight may be associated with potential adverse visuo-spatial effects. While navigating on other planets, astronauts will lack familiar landmarks, have a loss of aerial perspective, and an altered sense of balance caused by ambiguous depth cues during altered gravity. In addition, the whole brain including regions critical for spatial memory and learning may be affected during prolonged exploratory class missions as a result of cosmic radiation (Kiffer et al., 2019), hypercapnia (Kiray et al., 2014), or isolation and confinement (Stahn et al., 2019). Given the pivotal role of spatial cognition for human spaceflight operations, elucidating the effect of space and any sex-related brain plasticity, behavior and the molecular mechanisms is crucial. This notion is in line with the priorities of many of the world’s leading research centers to consider sex as a key biological variable (Clayton, 2018), and the space agencies’ goal to increasingly strengthen the role of women in future space expeditions. Due to the increasing and essential role of women in future space missions, studies of both men and women are critically needed to better understand sex-dependent vulnerabilities or resilience to adverse neurobehavioral effects during future exploratory space expeditions such as a mission to Mars.



Recommendation level 2–2: Increase research in space analog environments


Conduct research to investigate whether eye and brain alterations occurring in space analog environments are similar in magnitude and underlying mechanisms to the actual spaceflight-induced structural alterations.



Future exploration space expeditions will push the limits of human performance. Crew members will face hostile environmental conditions, high operational demands, and significant psychological stressors. To ensure safe and successful human space exploration, understanding the nature and interactions of these stressors is critical. This knowledge will allow for predictions about potential adverse effects on brain and behavior during exploration class missions that go well beyond current standard missions on the ISS. Most operational and environmental stressors can be simulated in spaceflight analogs. Two analogs that deserve particular consideration are bed rest and isolation studies using isolated and controlled confinement (ICC) and isolated, confined and extreme (ICE) (Choukér and Stahn, 2020).

Bed rest and dry immersion provide excellent models to mimic some of the neurophysiological adaptations associated with body unloading. An increasing body of research pinpoints the criticality of physical activity for brain plasticity across the lifespan (Voss et al., 2019). The effects of regular exercise are particularly evident for hippocampal plasticity and spatial learning (Erickson et al., 2011). Conversely, body unloading and reduced physical activity levels during space missions could be a significant risk factor for brain health, cognitive performance, and mental wellbeing. Long-duration bed rest has been shown to induce an upward shift and posterior rotation of the brain, widespread morphologic changes with brain tissue redistribution and intracranial fluid redistribution (Roberts et al., 2015; Koppelmans et al., 2017b), and effects on sensorimotor control, vestibular function and functional mobility (Koppelmans et al., 2015, 2017a; Yuan et al., 2018), selective attention (Brauns et al., 2021), affective processing (Brauns et al., 2019; Basner et al., 2021), neural efficiency of memory encoding and retrieval (Friedl-Werner et al., 2020), dual-tasking (Yuan et al., 2016), and spatial working memory (Salazar et al., 2020). Dry immersion also mimics the unloading and reduced physical activity levels of spaceflight. It remains unclear whether it is an effective analog for brain and ocular changes as well, but current ongoing studies are exploring this possibility.

Isolation and confinement and its associated stressors could also potentially impact neuroplasticity and cognitive performance during long duration space missions. Reduced sensory stimulation and resulting sensory monotony associated with such missions pose a serious unmitigated risk for adverse behavioral conditions and psychiatric disorders (Vessel and Russo, 2015). The absence of privacy, constant interaction within the same group, and little separation between work and leisure, as well as constant sleep/work shifts and sleep disruptions onboard, create potential independent stressors that may interact with each other (Palinkas, 2001).

Various lines of research show that social isolation can increase sympathetic tone, oxidative stress, and the expression of genes regulating glucocorticoid responses, ultimately leading to glucocorticoid resistance (Cacioppo et al., 2011). Due to its high density of corticosteroid receptors, the hippocampus and particularly the dentate gyrus are highly vulnerable to increased stress hormone levels (Fa et al., 2014). Animal studies have shown that social isolation reduces neurogenesis, long-term potentiation, and key neurotrophins in the hippocampus, and worsens memory performance (Scaccianoce et al., 2006; Cinini et al., 2014; Kamal et al., 2014). Neuroimaging, biochemical, and behavioral data from Antarctic expeditioners show that prolonged social isolation and confinement reduces gray matter in the prefrontal cortex, hippocampus, and parahippocampus (Stahn et al., 2019). Further, the Antarctic participants showed gradual decreases in key neurotrophins and flattened learning trajectories of cognitive tasks associated with spatial abilities, selective attention, and response inhibition. Likewise, preliminary evidence suggests that short periods of isolation and confinement, and particularly in combination with additional stressors such as sleep deprivation, can impair brain plasticity and complex cognitive abilities such as spatial navigation.

Together, these data highlight the significance and value of bed rest, ICCs, and ICEs as analogs to systematically study and better understand the role of distinct environmental, operational, and psychological stressors associated with prolonged spaceflight and to develop target-specific countermeasures to mitigate their risks. These analogs will continue to be critical platforms to ensure safe and successful human spaceflight missions.



Recommendations level 2–3 establish easily accessible database of ocular/magnetic resonance imaging/behavioral data and easily accessible database of supplemental data



-Build a data archive of de-identified, internationally sourced data (NASA, ESA, Roscosmos, Chinese Space Agency, JAXA, CSA, etc.) from past government-funded experiments with low-threshold structured access to allow for broader retrospective research.

-Mandate the upload of RAW and unprocessed but de-identified experimental data using open and accepted international data formats to avoid vendorexclusive data solutions.

-Provide access after completion of the experiment to interested researchers for additional analysis, including recognition of the original PIs.

-Assure the general accessibility of relevant supplementary in-flight data [CO2, sleep hours, activity data, exercise programs, medication logs, countermeasure logs, biochemical data, nutrition, accumulated radiation exposure, number and duration of EVA’s, and medical issues (space motion sickness, headaches, back pain, etc.)].





To advance, maximize, and speed up scientific discoveries, we advocate the use of data repositories for core neuroimaging, ocular, behavioral and medical data. These archives should go beyond existing platforms by (1) promoting data transfer between agencies wherever possible, (2) supporting efficient data access with respect to global IRB and data privacy laws and regulations, (3) establishing universal and internationally accepted data formats for all measures, (4) providing processed and unprocessed data, and (5) supporting the integration with data collected by individual experiments, i.e., outside the proposed standard measures where needed.

In many cases, important data are collected either for research purposes or for clinical monitoring and are not made immediately available to test for cross associations. Many features such as sleep hours, CO2 levels, exercise routines, nutrition, supplements, accumulated radiation exposure, number and duration of EVA’s, medication, etc. are likely to interact with spaceflight-induced brain and ocular changes. These data need to be made available to clinicians and researchers in an accessible and timely manner. We are aware that NASA’s data repositories have more information than the European data repositories. Historically, the NASA system has had a slow approval and transfer process. This fact greatly impedes progress in obtaining a holistic understanding of the factors that may increase risk or be antecedents for brain and ocular changes with spaceflight. We know that the NASA data system is currently being revised to accommodate new types of data digitally and to facilitate ease of access, data upload, and analytics. We hope that the developers will consider our recommendations during their revisions.

The team certainly understands the need for health and medical privacy of crewmembers. Increased transfer of data and knowledge between medical operations and scientists is required, however, to make the best progress toward understanding brain and ocular changes. Moreover, international data sharing also needs to be better streamlined and facilitated. The current processes are cumbersome and not well understood within the community.




Conclusion

The expert panel concludes that there are several avenues of research that should be initiated (and in some cases, that have been initiated, but should receive continued attention) to better understand human brain, ocular, and behavioral changes with spaceflight. The findings to date provide strong evidence that these changes already have operational impact and may influence long-term health. To understand and mitigate these effects, we recommend better delineation of flight duration dose-response effects, missions longer than 1 year on the ISS, investigation of partial-g effects and transitions, institution of state-of-the-art neuroimaging capabilities, an emphasis on the evaluation of integrative countermeasures and evaluation of sex differences. Furthermore, enabling streamlined access to international data sets across space agencies would allow for more rapid and potentially transformative insights.

We refer the reader to the Appendices following the references for additional information about medium and lower priority recommendations, suggested MRI protocols and core OCT protocols.
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APPENDIX


Appendix A: Additional medium and low priority topics not described in the main text


Recommendation level 2–3: Increase interdisciplinary research


Advocate for interdisciplinary eye and brain research

Most of the space-related research (with the laudable exception of a few investigators) still treats SANS (ocular) research and the brain structural alterations as separate entities; however, a common mechanism related to a cephalad fluid shift driving both phenomena is highly likely. A shift toward more interdisciplinary research projects is needed, including at minimum specialists and studies from ophthalmology, neurology and neuroradiology. A predictive biomarker for the effects of cephalad fluid shift is more likely to be generated from a combination of parameters across disciplines rather than from one specialty alone. Interdisciplinary research is likely to accelerate scientific progress substantially.




Recommendation level 2–4: Promote interagency research


Drive interagency research projects to tackle urgent research projects faster by reaching statistical threshold earlier—Set-up an interagency research funding system

Consider creating a global research structure that can bond the efforts of all space agencies sending humans in space, to unify the research questions and pool the data obtained from the crew of different agencies. An interagency approach would better enable detailed monitoring of the brain and other crew health effects and performance of necessary data analysis.




Recommendation level 3–1: Spaceflight participant data


Let non-professional spaceflight participants (tourists) participate as much as possible in core data and research data acquisition to increase sample size and sample variability

Twelve space tourists have already flown to the ISS, with the first one being Dennis Tito in 2001. This group includes only one woman. Adding the data from this cohort in the science program would significantly increase the data pool and variance. Not only do spaceflight participants follow other routines onboard the ISS, their age range and physical fitness level differ from the other crew that are selected by space agencies. Also, applying different routines on board the ISS, this group increases the variability in the data set considerably, allowing for new findings. Hence, space tourists should be encouraged to participate maximally in the science programs of space agencies. With Space-X and other spaceflight providers, the number of space tourists will increase significantly.




Recommendation level 3–2: Promote autopsy in deceased astronauts

It is difficult to examine brain and eye changes histologically in vivo, as we do not have direct molecular access to all structures responding to space and microgravity. Therefore, examinations of the brain and eyes posthumously might give additional insight into the structural deteriorations and aging processes. These autopsies should be performed in cooperation with specialists who have knowledge about spaceflight-induced changes in the body.







Appendix B: Proposed core MRI protocol


Recommendation level 1–4: Standardized core measures for space and analog environments (additional details)


Health surveillance neuroimaging

Measurements: Keep time of day for scanning constant (4 h window) over within-subject measurements

Scanner: Any vendor 3T MRI with > >20 channel head coil and good head fixation system (e.g., memory foam) 3D sequences (for quantifiability and long-term applicability) should be used exclusively if applicable to the modality to guarantee maximal data quality (with respect to resolution and contrast-noise-ratio) and research usability in small cohorts as well as comparability for future studies. Standard T1 and T2-weighted 3D-images at 0.75–1 mm isotropic resolution in an up-to-date 3T scanner (minimum number of head coil elements 20) with a contrast-noise-ratio greater than 60 for any tissue type and a signal-to-noise-ratio greater than 20 reflect the bare minimum to detect morphological alterations to the brain. Sequences below are listed in order of weighted clinical relevance in case of subject measurement abort due to limited time or other factors. (Please note: all sequences are completely noninvasive; that is, no contrast agents are used, and no subject participation/interaction is needed):


1.3D T1-weighted sequence (0.75 mm isotropic voxel size, FA 12°°, GRAPPA < <3) structural whole brain analysis (6:30 Min.) (eyes closed).

2.3D T2-weighted sequence (0.75 mm isotropic voxel size, GRAPPA < <4) structural whole brain analysis including lesion detection, perivascular space quantification and myelin ratio in conjunction with the T1-weighted data of identical resolution (8:30 Min.) (eyes closed).

3.3D Quantitative susceptibility map (1 mm, whole brain) e.g., for iron quantification (residues from thrombosis) and venous vasculature dilation measurement (6 Min.) (eyes closed).

4.3D T2 SPACE ZOOMit (0.4–0.5 mm isotropic voxel size, TR 1,300 ms, TE 132 ms, fat suppression on) for eyeball and retro-orbital space lesion detection and optical nerve sheath assessment during eyes open with fixation straight ahead; slab can also be positioned/angled to concurrently evaluate the inner ear (10 Min).




Time permitting:

5.3D Time-of-Flight angiography (0.8 mm isotropic, FA20°°) arterial vasculature position, degree of elongation and tortuosity segmentation (8 Min.) (eyes closed).

6. T2-weighted high-resolution hippocampal sequence, at least 0.4 mm × 0.4 mm in plane resolution (5 Min.) in conjunction with T1-weighted sequence (#1) (see below for additional details).

7. Diffusion weighted sequence with isotropic voxels with at least 64 directions spread over multiple b-shells (e.g., B = = 0, 250, 500, 1,000, 1,500, 2,500 s/mm2).

(Total scanning time: core protocol 30 min full protocol 50 Min)

General tools for quality control (QC) in neuroimaging such as analysis for artifacts, contrast-to-noise-ratio, head motion artifacts, ghosting rate, Gibbs ringing with software such as MRIQC or the QC pipeline of the UK Biobank (including regular phantom measurements with the respective coil elements in each scanner) should be applied after the standardized data acquisition to ensure long-term usability (Esteban et al., 2017; Alfaro-Almagro et al., 2018). Data from different scanners and sites should be harmonized using empirical Bayesian approaches such as ComBat to account for technical variability (Beer et al., 2020).



Hippocampal imaging additional details

Hippocampal volumetry and morphometry have been employed to identify the presence and progression of various cognitive disorders. Similar types of imaging studies should be a part of space and analog testing as well. Aging, psychiatric disorders, and neurodegenerative diseases do not uniformly affect the hippocampus and its adjacent entorhinal, perirhinal, and parahippocampal cortices; some regions show a higher vulnerability than others (Adler et al., 2014). The hippocampus is arranged functionally along its longitudinal axis, and hippocampal subfields subserve distinct behavioral and cognitive functions (Strange et al., 2014). Typically, T1-weighted MRI scans at conventional resolution (at 3T magnet strength) cannot provide all the anatomical details needed to robustly identify the cytoarchitectonic differences that define the hippocampus (Yushkevich et al., 2015; Cong et al., 2018). Capitalizing on a uniform segmentation protocol proposed by an international expert group “Hippocampal Subfield Group (HSG)” (Wisse et al., 2017), we advocate the use of a harmonized T2-weighted sequence that will allow for investigators to robustly characterize normative and pathological hippocampal and parahippocampal changes in response to long-duration spaceflight. Imaging studies are particularly important because the low-dose irradiation expected during exploratory space missions can suppress hippocampal neuronal excitability, disrupt long-term potentiation, and elicit long-lasting effects in learning and memory formation (Acharya et al., 2019).








Appendix C: Core ocular coherence tomography

The minimal recommended OCT routine is described below:

All: High resolution:

Circle (RNFL): ART 100 over disc

Radial: 20°, 24 sections ART 16, over disc

Disc: 20 × 20°°, 25 sections ARt 16

Line: 30°, EDI, ART 100-line through the center of fovea and disc

Vertical: 20 × 10°, sections 13, ART 16, between edge of disc and fovea
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Time aboard ISS Age Sex

Task Measure B p B p B p
Cube 1 Time (s) —0.001 0.528 —0.010 0.688 0.479 0.192
Correct (%) 0.004 0.638 —0.155 0.118 1.958 0.161
Cube 2 Time (s) —0.001 0.520 —0.011 0.707 0.462 0.245
Correct (%) 0.008 0.326 —0.138 0.130 1.396 0.271
DTC Tap 0.012 0.540 —0.201 0.434 1.102 0.758
RT 0.007 0.861 0.916 0.059 —6.588 0.322
Count —0.056 0.193 0.890 0.033 —8.426 0.148
Duration of flight Main effect Days inflight Age Sex
Task Measure B p B P B p B p
Cube comparison Time (s) —0.141 0.093 —0.001 0.318 —0.010 0.686 0.470 0.203
Accuracy (%) 0.311 0.521 0.006 0.310 —0.147 0.098 1.877 0.185

Here we present the results from the statistical model testing for performance changes in cube rotation and dual task across flight (i.e., “days inflight”), controlling for age
at launch and sex. Cube 1: astronauts performed this task while free floating and tethered to their workstation. Cube 2: astronauts performed this task while tethered
to their workstation, but with their feet looped into the “floor.” Values underlined and italicized were significant, but did not survive the correction. DTC, dual task cost;
RT reaction time.
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L-60 refers to the pre-flight data collection point acquired at approximately 60 days prior to launch. FD days refers to the approximate flight day during the astronaut’s
mission on which they performed the task. R+ days refers to the number of days following landing. All tasks were collected pre-flight (at L-60) and post-flight (at R + 4, 30,
90, and 150). Cube rotation and DTC were also conducted while in-flight (FD30, 90 and 150). The two balance tasks (SOT-5 and SOT-56M) had one additional collection
time point immediately following return (at R + 1). The measure column refers to the primary outcome metric(s) of interest used in our statistical models. DSST, digit
symbol substitution test; RFT, rod and frame test; DTC, dual task cost; RT, reaction time; SWM, spatial working memory; FMT, Functional Mobility Test; SOT-5, Sensory

Organization Test 5; SOT-5M, Sensory Organization Test 5 with head movement; EQ Score, Equilibrium Quotient score.
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Time Age Sex Flight duration Days since landing

Sensorimotor task B P B P B P B P B P
Pegboard Time (s) 3.249 0.008 0.070 0.591 1.414 0.397 0.0323 0.031 —0.146 0.861
FMT Time (s) 6.282 0.001 0.006 0.981 —4.807 0.145 —0.008 0.751 —1.088 0.383
SOT-5 EQ score —8.471 0.010 0.591 0.055 0.691 0.841 —0.003 0.911 3183 0.330
SOT-5M EQ score —30.565 0.001 0.673 0.362 17.640 0.064 —0.065 0.383 0.292 0.973
Cognitive task
DSST Time (s) 5:351 0.218 2.049 0.126  —17.265 0.290 0.168 0.217 —2.059 0.607
Card rotation Time (s) 7.254 0.110 —0.966 0.357 1.559 0.903 0.084 0.434 —3.204 0.425

Correct (%) —0.804 0.512 -0.317 0.280 6.868 0.074 -0.017 0.565 —1.082 0.345
Compl. (%) —0.937 0.427 —0.254 0.243 6.101 0.360 -0.013 0.563 —1.152 0.277
RFT Variability 0.092 0.685 0.020 0.370 —0.472 0.119 0.002 0.409 —0.058 0.727
Frame effect 0.509 0.118 0.041 0.785 —0.530 0.780 —0.002 0.901 —0.582 0.071
Cube rotation Time (s) —0.673 0.004 —0.023 0.449 0.347 0.361 —0.001 0.778 0.017 0.918
Correct (#) 0.601 0.472 —0.188 0.126 1.807 0.231 0.004 0.747 0.251 0.717
DTC Tap accuracy —0.957 0.717 -0.310 0.395 1.273 0.779 —0.032 0.392 1.290 0.448
RT —4.156 0.095 0.335 0.457 —3.957 0.485 -0.015 0.745 —0.688 0.674
Count 0.00 1.00 1.834 0.197 2.060 0.905 —0.071 0.617 —6.544 0.216
SWM Rotation correct (#) 0.101 0.882 0.952 0.401 —1.112 0.443 —0.007 0.547 —0.443 0.336
Control correct (#) —0.611 0.205 -0.014 0.750 0.811 0.190 —0.000 0.960 —0.556 0.049

Results from the statistical model evaluating the pre- to post-flight effects of time, age, sex, flight duration, and days since landing. Values that are bolded and underiined
were significant and survived the Benjamini-Hochberg FDR correction. Values underlined and italicized were significant, but did not survive the correction. DSST, digit
symbol substitution test; RFT, rod and frame test; DTC, dual-task cost; RT, reaction time; SWM, spatial working memory,; FMT, Functional Mobility Test; SOT-5, Sensory
Organization Test 5; SOT-6M, Sensory Organization Test 5 with head movements; EQ Score, Equilibrium score.
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Days Since return Age Sex Flight duration

Sensorimotor task B P B P B P B P
Pegboard Time (s) —0.136 0.016 0.176 0.274 0.748 0.716 0.020 0.248
FMT Time (s) —0.030 0.0001 0.031 0.877 —4.196 0.121 0.007 0.753
SOT-5 EQ Score 0.019 0.063 0.419 0.055 1.505 0.584 —0.007 0.748
SOT-5M EQ Score 0.106 0.005 0.560 0.177 9.853 0.078 —0.006 0.884
Cognitive task

Cube rotation Time (s) —0.001 0.331 -0.024 0.319 0.489 0.125 0.001 0.672

Results from the statistical model evaluating the recovery from spacefiight effects of days returned, age, sex, and flight duration. Values that are bolded and underlined
were significant and survived the Benjamini-Hochberg FDR correction. FMT, Functional Mobility Test; SOT-5, Sensory Organization Test 5; SOT-5M, Sensory Organization
Test 5 with head movements; EQ Score, Equilibrium score.
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Days since launch Age Sex

Task Measure B P B P B P

DTC Tap —0.035 0.828 —-0.548 0.149 5333 0.291
RT —0.071 0.744 0.531 0400 -2.268 0.789
Count 0.320 0.580 1.620 0.136 9.600 0.500

Here we present the results from the statistical models testing for performance
changes from pre- to in-flight, controlling for age at launch and sex. In this
case, no models yielded statistically significant results. DTC, dual task cost;
RT, reaction time.
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Astronaut Demographics

Sex Age at launch Mission duration Previous flight Previous missions Previous flight Time between
experience experience missions

27.6% Female 47.7 (£6.3) years 188 (£57) days 40% of 0.8 (£1.2) missions 75 (£131) days 5.8 (£1.6)
astronauts years

Summary of the astronaut demographics. Standard deviation of each value is presented in parenthesis.
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Dependent variable: “RMO Time for Median Jitter
extrapolation” math pitch
error/lability calculations
Source Sig. Sig. Sig. Sig.
Corrected model 0,000 0,000 0,011 0,062
Intercept 0,000 0,007 0,004 0,666
N day 0,003 0,119 0,446 0,079
Neutral 0,002 0,052 0,568 0,073
Happy 0,026 0,088 0,685 0,036
Sad 0,160 0,139 0,725 0,043
Angry 0,187 0,120 0,046 0,037
Surprised 0,023 0,052 0,905 0,174
Scared 0,120 0,471 0,588 0,091
Disgusted 0,116 0,134 0,857 0,048
Valence 0,059 0,101 0,541 0,037
Arousal 0,050 0,350 0,029 0,274
Subject name 0,000 0,000 0,004 0,010
Am/Pm 0,323 0,119 0,230 0,475
Subject name Am/Pm 0,030 0,288 0,016 0,397
R squared 0,949 0,960 0,883 0,747
Adjusted R squared 0,852 0,884 0,658 0,263






OPS/images/fphys-12-751016/fphys-12-751016-t001.jpg
Approaches and Timing Duration
techniques used

Explanations

Medical control 7:30-8am 5 min
Speech acoustic 8 am 5 min
analysis

Facial expressions
analysis
Morning experiments, breakfast

State-trait anxiety 10 am 1 min
inventory (STAI)

Profile of mood 5 min
states (POMS)

Cognitive and 10 min

sensorimotor tests

Daytime experiments, lunch, rest
State-trait anxiety 6-7 pm 1 min
inventory (STAI)

Profile of mood 5 min
states (POMS)
Cognitive and 10 min

sensorimotor tests

Dinner, rest

Medical control 9pm 5 min
Speech acoustic 9-10 pm 5 min
analysis

Facial expressions
analysis

Assessment of body temperature,
heart rate, blood pressure (systolic
and diastolic).

FO (Mean and Median), speech
signal intensity, number of pulses,
unvoiced speech fragments, jitter
and shimmer were analyzed in
voice recordings.

Emotional state assessment using
FaceReader software.

Analysis of the subjective
assessment of state anxiety.
Analysis of the subjective mood
assessment.

Human operator activity analysis
using the computer-aided cognitive
and sensorimotor tests.

Analysis of the subjective
assessment of state anxiety.
Analysis of the subjective mood
assessment.

Human operator activity analysis
using the computer-aided cognitive
and sensorimotor tests.

Assessment of body temperature,
heart rate, blood pressure (systolic
and diastolic).

FO (Mean and Median), speech
signal intensity, number of pulses,
unvoiced speech fragments, jitter
and shimmer were analyzed in
voice recordings.

Emotional state assessment using
FaceReader software.
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MICROGRAVITY HYPERGRAVITY
Comparison zvalue pvalue Comparison zvalue p value

WP 1g-0g —0234  1.000 1g-2g 5729 <0.001
0g-0gC 2007 0318 2g-29C —4.586  <0.001
1g-00C 1783 0522 1g-20C 1414 1.000
DOWN  1g-0g —2.080 0276 1g-2g —0467  1.000
0g-0gC —8.890 <0.001 2g-29C —0945  1.000
1g-00C —6.025 <0.001 1g-20C —1.306  1.000

Results of post ho tests (z value and p value) for every specified pair of condtions. p
values that are statistically significant are shown in bold.,
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MICROGRAVITY HYPERGRAVITY
Comparison zvalue pvalue Comparison zvalue pvalue

WP 1g-0g —9.081 <0001 1g-2g —1.450  1.000
0g-0gC 7085 <0.001 2g-29C 0208 1.000
1g-0gC —1925 0380 1g-29C —1251  1.000

DOWN  1g-0g 7369 <0.001 1g-2g 8898 <0.001
0g-0gC 3526 0.003 2g-29C —2522 0081
1g-0gC 10986 <0.001 1g-29C 5798 <0.001

Results of post ho tests (z value and p value) for every specified pair of conditions. p
values that are statistically significant are shown in bold.,
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MICROGRAVITY HYPERGRAVITY
Comparison Zzvalue pvalue Comparison Zzvalue p value

DELTOID ANTERIOR

uP 19-0g <0.001 1g-29 —5.922 <0.001
0g-0gC <0.001 2g-20C 4475 <0.001
1g-00C 0063 1g-20C —1.434 1.000

DOWN 1g-0g <0.001 1g-29 —8.587 <0.001
0g-0gC <0.001 2g-20C 1.996 0322
1g-00C 0150 1g-20C —1.255 1.000

DELTOID POSTERIOR

uP 19-0g <0.001 1g-29 0.003
0g-0gC <0.001 2g-20C 0.060
1g-00C 1.000 1g-20C 1.000

DOWN 1g-0g <0.001 1g-29 <0.001
0g-0gC <0.001 2g-20C 0582
1g-00C 1.000 1g-20C 1.000

TRAPEZIUS

P 19-0g <0.001 1g-29 0.001
0g-0gC 0.002 2g-20C 0.008
1g-00C 0012 1g-20C 1.000

DOWN 1g-0g <0.001 1g-29 0477
0g-0gC 0225 2g-20C 0900
1g-00C 0053 1g-20C 1.000

Restits of post hoc tests (z value and p value) for every specified pair of conditions. p values that are statistically significant are shown in bold.
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MICROGRAVITY HYPERGRAVITY
Comparison zvalue pvalue Comparison zvalue p value

WP 1g-0g -8.322 <0.001 1g-2g 3240  0.008
0g-0gC 5114 <0.001 2g-29C —3494 0,003
1g-00C -3102  0.013 1g-20C —0287  1.000

DOWN  1g-0g —053  1.000 1g-2g 4956 <0.001
0g-0gC 2573 0071 2g-29C —1.604  0.760
1g-00C 2078 0264 1g-29C 3028 0017

Results of post ho tests (z value and p value) for every specified pair of conditions. p
values that are statistically significant are shown in bold.,
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Total bed time (min)
Total sleep time (min)
Sleep period time (min)
WASO (min)

Sleep efficiency (%)
Sleep onset latency (min)
Latency of SWS (min)
Latency of REM (min)
N1 (min)

N2 (min)

SWS (min)

REM (min)

N of awakenings

B-1

Mean

480.00
416.53
433.72
17.19
0.86
5.31
30.94
98.06
40.63
211.06
71.44
91.06
6.00

SE

0
8.98
10.61*
4.99*
0.02
1.86%
6.77
15.98
5.15%
15.06
9.74*
3.62@
0.93*

DI3

Mean

585.60
456.67
573.83
117147
0.78
29.08
48.50
126.67
57.17
217.58
94.17
87.75
1217

SE

12.81
17.39
39.07*88@
32.55*9@
0.02¢
11.69*58@
10.61
46.41
8.00+88@
16.41
5.43@

7.428¢
1.69+54@

DI10

Mean

540.00
443.50
484.50
41.00
0.82
5.80
42.00
101.65
35.55
233.25
75.15
99.55
7.00

SE

0
24.43
28.62%
19.38*
0.05
3.07*
17.37
22.71
7.21*%
22.84
12.86
8.42
2.04#

DI19

Mean

540.00
441.67
45417
12.50
0.82
6.00
42.28
83.83
34.56
21417
89.00
109.87
5.33

SE

0
27.53
27.44%
4.60*
0.05
1.32#
20.85
17.36
4.24#
19.10
5479
6.97*
.07

R+1
Mean

480.00
439.18
457.79
18.61
0.92
3.89
22.39
7411
26.75
238.91
60.40
113.12
5.22

SE

0
11.64
13.91%
5.35%
0.02*
1.17%
3.09
6.18
5.19#
10.99
4.36%%
5.61%#
1.14#*

B-1, the day before dry immersion, DI3, DI10, DI19, on the 3rd, 10th, and 19th days of dry immersion, respectively, R + 1, 1 day after the end of dry immersion. The data
are mean values and standard errors of mean. WASO, wakefulness after sleep onset; SWS, slow-wave sleep; REM, rapid eye movement sleep; N1, stage 1 of non-rapid
eye movement sleep; N2, stage 2 of non-rapid eye movement sleep;%, data are presented as a percentage of time in bed. Intersession differences were examined
using the post hoc Fisher LSD test, except for differences in Sleep efficiency, which were examined using Wilcoxon test. *Differences are significant relative to baseline;
# differences are significant relative to DI3; Sdiferences are significant relative to DI10; &differences are significant relative to DI19; @differences are significant relative to

R+ 1.
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Contrast Tract (Atlas: HCP1021) (All data is presented in Direction and FDR QA (Standard Error)
neuroanatomical convention- Left on Left)

Postflight — Preflight e Corpus Callosum Forceps Major INCREASING QA (FDR = 0.0033) 0.28 (+ 0.015)
e Inferior Fronto Occipital Fasciculus, R
e Medial Lemniscus, R
o Middle Cerebellar Peduncle, Bilateral

Postflight — Preflight o Arcuate Fasciculus, L DECREASING QA (FDR = 0.0009). 0.26 (+ 0. 013)
e Corpus Callosum Body
e Corpus Callosum Forceps Minor
e Corticopontine Tract Parietal, L
e Corticospinal Tract, L
o Corticostriatal Tract Anterior, R
o Corticostriatal Tract Superior, R
o Corticostriatal Tract Superior, L
e Dentatorubrothalamic Tract, R
e \Vermis

Followup — Postlight o Anterior Commissure INCREASING QA (FDR = 0.0567). 0.27 (+ 0.014)
e Cingulum Frontal Parietal, R
e Corpus Callosum Body
e Corpus Callosum Forceps Minor
o Corticostriatal Tract Anterior, R
e Corticostriatal Tract Anterior, L
o Middle Cerebellar Peduncle Bilateral
e Uncinate Fasciculus, L

Followup — Postlight e Cingulum Parahippocampal Parietal, R DECREASING QA (FDR = 0.0014) 0.43 (+ 0.022)
e Corpus Callosum Body
e Corpus Callosum Forceps Major
e Corpus Callosum Tapetum
o Corticostriatal Tract Posterior, R
o Corticostriatal Tract Posterior, L
e Inferior Longitudinal Fasciculus, R
e Thalamic Radiation Posterior, R
e Thalamic Radiation Posterior, L

Followup — Preflight The connectometry analysis found no significant result in INCREASING QA (FDR = 1.00) N/A
tracks with increased QA.
Followup — Preflight o Arcuate Fasciculus, L DECREASING QA (FDR = 0.0069) 0.36 (+ 0.018)

e Cerebellum, R

e Cerebellum, L

e Corpus Callosum Body

e Corpus Callosum Forceps Major

e Corpus Callosum Forceps Minor

e Corpus Callosum Tapetum

e Corticopontine Tract Parietal, L

o Corticospinal Tract, L

o Corticostriatal Tract Posterior, L

e Medial Lemniscus, L

o Middle Cerebellar Peduncle Bilateral
e Superior Longitudinal Fasciculus, R
o \Vermis

The right column shows the average QA change for all significant tracts of the associated contrast. N/A is used for contrasts where no significant tracts show QA changes.
R =right, L = left.
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Cosmonauts Controls Two-sample

average (SD) average (SD) t-test
(p-value)
Age (years) 45 (5) 43 (6) 0.349
Mission duration (days) 172 (25)
Previous mission 199 (199)
experience (days)
Preflight MRI — launch 89 (34)
(days)
Return — postflight MRI 10 ()
(days)
Preflight MRI — 270 (32) 240 (54) 0.099
postflight MRI (days)
Return — followup MRI 230 (62)
(days)

Preflight and postflight MRI for the control group represents the two scanning
sessions for this group. Statistical comparisons between the two groups were
performed using a two-sample t-test (2-tailed). SD = standard deviation.
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Categories

Low level of reactive anxiety
(average values + SD)

Medium level of reactive anxiety
(average values + SD)

Mann-Whitney U

Significance

Informing (sharing information)
Self-control

Requests, demands

Criticism

Initiative (constructive)

16.47 £ 6.88
1.56 £ 0.74
32+1.76
4.73 £ 3.16
3.27 £ 3.17

34.67 + 16.22
4.67 £2.22
0
0
0

25

7.5

0.037
0.014
0.007
0.043
0.06
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Day of isolation

18 36 76 91 103 116

Criterion 1 (work activity) 0.56 0.67 0.67 0.67 0.67 0.67
Criterion 2 (leisure activities) 0.78 0.78 0.56 0.56 0.56 0.56
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Significance criteria

Mann-Whitney’s U

Wilcoxon's W

Z

Asymptotic significance (two-tailed)
Exact significance

Neutral

54
132
—1.039
0.299
0.319

Joy

13
91
—3.421
0.001
0.000*

Sadness

17
95
-3.2

0.001
0.001*

Anger

50
128
—1.384
0.166
0.219

Astonishment

46.5
124.5
—1.935
0.053
0.143

Fear

58.5
136.5
-1.2
0.23
0.443

Disgust

72
150

1.000

*p < 0.05.
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Subject Neutral

—0.467**
0.328"
0.586**
0.275™

—0.470"
0.022

Mmoo w >

Joy

—0.168*
—0.181*
—0.136*
—0.014
0.551*
0.020

Sadness

0.273*

0.174*
—0.375™
—0.033
—0.340"
—0.001

Anger

0.187**
—0.037
—0.667"
—0.418"
—0.373"
—0.069

Astonishment

—0.051

—-0.272"
0.456™
0.026
0.240*

—0.135

Fear

0.642*

0.137*
—0.488"
—0.282"
—0.080

0.021

Disgust

—0.021
0.063
—0.398"
0.029
—0.174*

0.172*

0 < 0.05; “p < 0.01.
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Left tilt (degrees®)

AUREA  Average
Standard deviation
ETD Average
StandarddDeviation
A (%)

—4.88
0.15
—4.68
0.23
4.34

Right tilt (degrees®)

5.19
0.16
4.94
0.11
4.93

Bold values indicates % of error (StDev).
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Per-centrifugation HDBR Group HDBR x AG Age Sex

B P B P [} P [} P [} P
PASAT Time (s) —0.000 0.283 0.230 0622  —0.002 0.0001  —0.002 0589  —0.211 0.013
PASAT Correct (#) 0.207 0.0001 3.821 0.0154 —0.050 0.010 0.154 0.205 6.164 0.013
Post-AG Motion Time 0.348 0.860 8.223 0036 —0.114 0943  —0.141 0.459 6.326 0.428

Motion Sickness Response Response (#)  —0.017 0.080 —0.792 0.040 0.016 0.032 —0.020 0.422 0.660 0.179

Peri-Centrifugation Post Hoc HDBR Group HDBR + AG Age Sex
PASAT Time (s) 0.001 0.527 0.092 0.400  —0.008 0.0032  —0.002 0.640  —-0.280 0.017
PASAT Correct (#) 0.077 0.1546  —0.1081 0.711 0.0283 0.407 —0.1565 0.275 8.774 0.0069

Motion Sickness Response Response (#) —-0.017 0.336 —2.197 0.002 0.0161 0.155 —0.025 0.284 —0.538 0.244

Results from statistical analysis of centrifugation assessing effects of HDBR, group, artificial gravity, sex and age. Values that are significant following Benjamini-Hochberg
FDR correction are bolded and underlined. Post Hoc analysis were conducted between the AG groups without the control group. Values that are significant following
post hoc analysis are bolded.

PASAT, Paced Auditory Serial Addition Test.
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Recovery HDBR Group HDBR x AG Age Sex

Sensorimotor Task B p B P B P B P B P
FMT Time (s) —0.871 0.0013 -30.014 0.128 0.475 0.114 0.161 0.110 —6.926 0.001
SOT-5M EQ Score 0.941 0.0432 11.354 0.750 -0.177 0.741 —0.323 0.301 8.761 0.148

Results from statistical analysis of Recovery assessing effects of HDBR, group, artificial gravity, sex and age. Values that are significant following Benjamini-Hochberg FDR

correction are bolded and underlined.
FMT, Functional Mobility Test; SOT-6M, Sensory Organization Test 5 with head movements; EQ Score, Equilibrium score.
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HDBR + AG HDBR Group HDBR x AG Age Sex
Sensorimotor Task B P B P B P B P B P
Pegboard Time (s) 0.076 0.283 —2.525 0.373 0.418 0.209 1.379 0.005 —0.051 0.591
FMT Time (s) 0.139 0.0002 0.220 0.914 —0.029 0.448 0.173 0.074 —7.443 0.0004
SOT-5 EQ Score —0.055 0.660 1.229 0.805 —0.078 0.284 —0.141 0.546 5.785 0.205
SOT-5M EQ Score —0.609 0.0002 —0.120 0.985 0.179 0.143 -0.112 0.687 2.497 0.634
Cognitive Task B P B P B P B P B P
DSST Time (s) 0.013 0.958 10.614 0.517 —0.163 0.257 2.667 0.005 11.679 0.462
Card rotation Time (s) —0.039 0.826 —7.148 0.441 —0.084 0.408 0.460 0.318 —6.556 0.456

Correct (%) 0.084 0.345 10.017 0.049 0.001 0.914 —0.674 0.010 4.891 0.297
Compl. (%) 0.045 0.582 8.743 0.064 0.021 0.658 —0.603 0.014 4.310 0.325
RFT Variability 0.019 0.608 —1.751 0.067 -0.014 0.524 —0.059 0.126 —0.020 0.978
Frame Effect —0.038 0.273 2.758 0.191 0.022 0.272 0.151 0.157 0.803 0.687
Cube Rotation Time (s) 0.002 0.768 0.728 0.059 —0.001 0.753 0.028 0.135 0.213 0.543
Correct (#) 0.204 0.578 1.079 0.368 0.001 0.948 —0.043 0.429 1.089 0.302
DTC Tap —0.055 0.246 —1.225 0.409 0.032 0.244 —0.162 0.023 2.262 0.088
RT 0.029 0.695 0.031 0.990 -0.016 0.722 0.076 0.452 —1.767 0.362
Count 0.934 0.551 0.152 0.887 0.024 0.868 0.171 0.533 —0.379 0.942
SWM Rotation Correct (#) 0.011 0.768 0.760 0.505 —0.004 0.847 -0.137 0.012 —0.264 0.784
Control Correct (#) 0.018 0.238 0.063 0.872 —0.006 0.480 —0.010 0.545 0.459 0.154

Results from statistical analysis of HDBR + AG assessing effects of HDBR, group, artificial gravity, sex and age. Values that are significant following Benjamini-Hochberg

FDR correction are bolded and underlined.

DSST, digit symbol substitution test; RFT, rod and frame test; DTC, dual-task cost; RT, reaction time; SWM, spatial working memory; FMT, Functional Mobility Test; SOT-5,

Sensory Organization Test 5; SOT-5M, Sensory Organization Test 5 with head movements; EQ Score, Equilibrium score.
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All (n=18)

BDC-2 RO
HR (opm) 5817 5848

(64-61) (66-62)
SBP (mmHg) 116210 17210

(111-121) (113-121)
DBP (mmHg) 6817 6748

(65-71) (64-71)
MBP (mmHg) 8627 8527

(83-89) (82-88)

Control (n=9)
BDC-2 RO
5828 5729
(63-64) (61-69)
17210 114210
(110-124) (107-120)
6819 6627
(©2-79) (©-71)
86+8 83x7
(80-91) (78-88)

Cuff (1=9)
BDC-2

5746

(63-60)
115211

(108-123)
6815

(65-72)
8615

(83-89)

RO

6027

(65-65)
12048

(115-126)
6819

(63-74)
8727

(83-92)

Measurements for heart rate (HR), systolic blood pressure (SBF), diastolic blood pressure (DBF), and mean blood pressure (MBF), before (BDC-2) and after (R0) DI.
All measurements were performed in the mormning. Mean +SD. Values in parentheses represent 95% C of the mean.
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Zecore Pea level tcos PeaK level Number of voxels in cluster

Left caudate 3.39 443
Left putamen 4 09 5 46 680
Right caudate 3213
im putamen 4 71 3213
Left midbrain 4.16
b
Left cerebellum 3 78 120
Right cerebellum 5 12
Cingulate
Left middle cingulate gyrus ns
Left anterior cingulate gyrus ns
Left posterior cingulate gyrus ns
Right middle cingulate gyrus 355 4.40 wos
Hrghl anterior mngulsxe gyvus 347 427
Right posterior cir 3.97 5.20
Left superior frontal gyrus
Left medial orbital gyrus 3.45 4.24 144
Left middle frontal gyrus 372 4,72 100
Left posterior orbital gyrus 354 440 144
Left superior frontal gyrus medial ns
Right superior frontal gyrus 357 2.4 269
Right medial orbital gyrus 342 420 3213
Right middle frontal gyrus ns
Right posterior orbital gyrus. 392 5 oe 3 215
Right superior frontal gyrus medial 357
—
Left insula 5.46
mm—m
Left inferior occipital gyrus 6,570
Left middle occipital gyrus 4,35 5402 6,570
Left superior occipial gyrus 451 642 6570
Right inferior occipital gyrus 438 609 6570
Right middle occipital gyrus 438 609 6570
Right superior occipital gyrus 438 609 6570
e EE}E}R}REEE
Left angular gyrus ns
Left posteentral gyrus ns
Hgm angular gyrus 317 378 157
Right postcentral 3.74 4.75 157
Left fusiform gyrus 361 121
Left inferior temporal gyrus 406 5.40 201
Right fusiform gyrus ns
Right inferior temporal gyrus 407 5.41
-———
Left thalamus 4.46 6.30 1,006
Right thalamus 367 462 1,006

Negative change in regional cerebral perfusion at RO compared with BOC-4 in all the 18 participants, in MaXIMUM .z MAXIMUM e, NUMDer of significant voxels per cluster;
D <0.001 and extent threshold> 100 voxels.
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Age (vears)
Right-handed
Height at selection
(om)

Weight (kg)

BMI (kg/m?)

VO, max (mi/min/kg)
Morning T (°C)

Al (n=18)

34055
16

17846
74.1£80
23318
46.7+6.9
36.4+0.4

Control (1=9)

33.9+7.1
8

17646

739+7.5
239+1.7
465£8.1
36.4+0.3

Cufs (n=9)

341£3.7
8

1804
74.3+88
227:18
469+58
36.4+05
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Beam type Dose

Proton, 50 cGy

283, “He,

160Y SGFe

“He <30 cGy

56Fg 50 cGy

285 100 cGy

Proton, 15 and 50 cGy

4He 160

56Fe 300 cGy

56Fg 10, 20, and 50 cGy
56Fe 10, 50, and 200 cGy
56Fe 10 and 50 cGy
Proton, 25, 50, and 200 cGy
“He, 10

288i, 48'|'iY

56Fe

Proton, 25, 50, and 200 cGy
160Y ZSSl

Energy

1000 and 250,
600, 250, 350,
600 MeV/n,
respectively
400 MeV/n
968.4 MeV/n
300 MeV/n

525, 249.3,
594.4 MeV/n,
respectively

600 MeV/n
1055 MeV/n
968.4 MeV/N
1000, 250, 250,
263, 1000,
1000 MeV/N,
respectively

1000, 250,
263 MeV/n,
respectively

Delivery

Whole body

Whole body
Whole body
Whole body

Whole body

Cranial

Whole body
Whole body
Whole body
Whole body

Whole body

Interval

3 months

4 months
1.5 months
3 months

1.5 months

4 months

2 weeks
2-8 weeks
1 months
3 months

3 months

Major sex-dependent effects of radiation

Impaired NOR and altered activity during the light
period in males, not females

Impaired NOR in males, not females
Increased activity in APP/PS1 males, but not females

Decreased hippocampal neurogenesis in males, but not
females

Increased measures of anxiety, impaired novel object
recognition, activation of hippocampal microglia, and
synapse loss in males, but not females

Impaired contextual fear conditioning in females, but
increased contextual fear conditioning in males

Impaired spatial memory in both males and females
No sex-dependent cognitive impairments
No changes to hippocampus-dependent memory

Impaired NOR in males at 25 cGy and in females at 50
and 200 cGy

Impaired NOR in both males and females at 50 and
200 cGy

References

Current study

Parihar et al., 2020
Liu et al., 2019

Whoolery et al.,
2017

Krukowski et al.,
2018

Villasana et al.,
2010

Haley et al., 2013
Pecaut et al., 2004
Liu et al., 2019
Raber et al., 2020

Raber et al., 2019
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Component 1

Component 2

Component 3

Component 4

Component 5

Sexes collapsed

TotDist_OF1
Diff-TotDist1-2
Activity_Ratio

Activity_Dark

Diff-TotDist2-3
Diff-PctCenter2-3

Activity_Light
Activity_Dark

PctCenter_OF1
Diff-PctCenter2-3

TimeExploringObjs_Day1-2

Diff-PctCenter1-2

PctTime_Novel

TimeExploringObjs_Day1-2

Percent (%) variance

21.86
84.40
69.80
68.40
38.10

19.02
74.40
67.70

13.78
95.40
77.20

11.87
93.50
53.90
40.50
40.10
9.69
81.90
68.00

Females

Activity_Light
Activity_Dark
Diff-TotDist2-3
Diff-PctCenter2-3
TotDist_OF1

Diff-TotDist1-2
TotDist_OF1
PctTime_Novel

Diff-PctCenter1-2
PctCenter_OF1
TimeExploringObjs_Day1-2

Activity_Ratio
TimeExploringObjs_Day1-2
Diff-PctCenter2-3

Percent (%) variance

28.17
85.90
82.80
64.50
60.40
41.10
18.97
84.60
79.80
60.40
15.75
82.00
79.30
48.30
10.83
89.60
46.40
36.70

Males

Diff-TotDist1-2
TotDist_OF1
Diff-PctCenter1-2
PctCenter_OF1

Activity_Light
Activity_Dark

Diff-PctCenter2-3
PctCenter_OF1
Diff-TotDist2—-3

PctTime_Novel
TimeExploringObjs_Day1-2

Percent variance

25.85
87.50
77.70
74.50
65.30

17.60
95.60
74.50

15.12
92.10
54.90
44.20
11.21
75.80
65.20

Data abbreviations as follows: Activity_Light, activity during the light cycle in home cage activity monitoring; Activity_Dark, activity during the dark cycle in home cage
activity monitoring; TotDist_OF1, total distance moved during day 1 of open field; Diff-TotDist1-2, difference in total distance moved between day 1 and day 2 of open
field; Diff-TotDist2-3, difference in total distance moved between day 2 and day 3 of open field; PctCenter_OF1, percent time spent in the center of the open field on day
1, Diff-PctCenter1-2, difference in time spent in the center of the open field between day 1 and day 2; Diff-PctCenter2-3, difference in time spent in the center of the
open field between day 2 and day 3; TimeExploringObjs_Day 1-2, total time spent with objects on day 1 and day 2 of novel object; PctTime_Novel, percent of time spent
with the novel object on novel object day 2. The bold values are the percent variance for the component as a whole.
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MNI coordinates

Contrast Region label Extent t-value X y

HDBR + CO, > HDBR L middle temporal gyrus 13 0.326 —48 —64

24

Cluster of significant difference in the normalized slope of DTCost of brain activation between the HDBR and HDBR + CO» cohorts (p < 0.0001).
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MNI Coordinates

Task Contrast Region label Extent t-value X y z
TAP SANS > non-SANS R parahippocampal gyrus 10 7.874 24 —-32 —10
L inferior parietal lobule 24 6.642 -30 —78 48

R superior temporal gyrus 18 6.073 56 -8 4

DUAL SANS > non-SANS L middle orbital gyrus 11 6.366435 —46 44 2
L middle orbital gyrus 10 5.915862 —4 46 2

SANS < non-SANS L middle frontal gyrus 45 15.004 —-32 18 58

DTCost SANS > non-SANS L hippocampus 10 9.127 —-30 —14 —16
L superior temporal gyrus 42 7.761 —62 —-10 12

SANS < non-SANS R superior frontal gyrus 14 7.616 36 62 12

Areas of significant difference (p < 0.007) in normalized slope of activation and DTCost change between the HDBR + CO, subjects who did and did not
present signs of SANS.
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70-day HDBR 30-day HDBR + CO,

Number of Participants n =13 (13 Males, 0 Females) n =11 (6 Males, 5 Females)**
Mean Age* (Standard Deviation) 290.34 (3.23) 33.91 (8.03)

SANS Non-SANS
Number of Participants n =5 (2 Males, 3 Females) n =6 (4 Males, 2 Females)
Mean Age* (Standard Deviation) 37.77 (7.5) 30.68 (7.5)

Demographic information is presented only for subjects who were not excluded from analyses due to outliers or head movement. We separate demographic information
by intervention (i.e., HDBR + COz or HDBR) and by SANS status (i.e., those who either did or did not present signs of spaceflight-associated neuro-ocular syndrome
(SANS) after HDBR+CO,).

*Age in Years.

**n = 10 for Brain/Behavior Correlations (5 Males, 5 Females).
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MNI coordinates

Hypothetical model Region label Extent t-value X y z
Instant decrease L superior frontal gyrus 38 5.003 —22 28 54
Decrease with Recovery in HDBR + CO, L superior frontal gyrus 15 4.606 —24 28 52
R cerebellum (Lobule Vlib) 1 5.119226 14 —76 —55
L cerebellum (Crus 1) 6 4.364 —40 —54 -29

Significant regions (p < 0.0001) of longitudinal change and recovery that followed the hypothesized models of change depicted in Figure 3.
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CN = 15 in the 3-min PVT resilient group.

PTST, total sleep time.

ESOL, sleep onset latency.
FWASO, wake after sleep onset.
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GChi-square test showed a significant difference in sex distribution in the 3-min PVT resilient and vulnerable groups (p = 0.033).
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Supine 50° HUT Values of p
Condition time

Baseline Hypercapnia Baseline Hypercapnia Time Interaction
HR, beats/min 6310 6419 75+ 14 77215 0.157 <0.001 0.811
MAP, mmHg 9416 966 95:8 9:6 0.005 0.049 0.489
SV, ml 95+ 14 99+ 14 8019 8723 0.113 <0.001 0.598
Q, Vmin 5910 6308 57108 6310 0.010 0578 0.462
MCA Vi, CVS 8119 9625 7719 9117 <0.001 0.006 0.075
PCA Vi, CMVS 44:8 55+ 15 43:7 52112 <0.001 0.115 0.453
Ve, Vmin 91:15 176+36 90x17 17646 <0.001 o911 0.979
Vi ml 632 133 1,163 + 302 573117 1,105 £ 318 <0.001 0.224 0.985
P&CO;, mmHg 40123 486+1.8 394+24 483+25 <0.001 0238 0.716
Predicted PaCO;, 40.0+20 467186 395+20 463 +20 <0.001 0.155 0.892

mmHg

Value are means +SD. HR, heart rate; MA, mean arterial pressure; SV, stroke volume; Q, cardiac output; MCA Ve, mean middle cerebral artery blood velogity; PCA Vi, mean
posterior cerebral artery blood velocity; V, minute ventiation; V, tidal volume; PeCO,, end-tidal partial pressure of carbon dioxide; and predicted PaCO, predicted partial pressure
of arterial carbon dioxide.
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Group Day ()] W) Mean Std. Sig.?
Stimulus  Stimulus  difference (I-J) Error

With HFEMS DI NO ML -8.138* 1.954 0.000
DI3 NO ML -6.575* 1.624 0.000
DI5 NO ML -6.916* 1.891 0.001
Without HFEMS DI1 NO ML —-2.204 1.863 0.246
DI3 NO ML -2.844 1.453 0.060
DI5 NO ML —-2.684 1.803 0.147

Based on estimated marginal means.

*The mean difference is significant at the 0.05 level.

aAdjustment for multiple comparisons: Least Significant Difference (equivalent to
no adjustments).
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Sham Radiation only HU only Radiation + HU

Cortex

GABA 86399920 891388% 1077176° 799890°
Glutamate 10097241 10360432 10100411 9432767
GABA/Glutamate 11.99 10.38 11.99 12.13
Hippocampus

GABA 10007212 792764 94236620 10571422
Glutamate 94932172 84725920 927465020 98331672
GABA/Glutamate 9.66 9.96 9.8 10.83
Plasma

GABA 7892 7533 7760 8825
Glutamate 3527192 266306 269503° 267748°
GAB/Glutamate 47.742 35.33° 36.47° 30.84°

SEM

79531
484740
0.78

69669
328151
0.47

592
20271
2.89

LS means in the same row with different superscripts differ at p < 0.05. The values in bold indicate the comparison groups.
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All participants 10-min PVT? resilient 10-min PVT vulnerable KSSP resilient KSS vulnerable

N 32 16 16 16 16
Sex (female/male) 14/18 7/9 7/9 6/10 8/8
Age 351 +£7.15 35.4 +7.32 34.8+7.19 35.1 £7.39 35.2+7.14
Body surface area (m?) 1.84 £0.24 1.87 £0.27 1.83+0.21 1.86 £0.29 1.84+0.18
Baseline 1°¢ TST (min)® 405.8 +32.4 4019+ 357 409.4 £29.7 395.7 + 35.4 416.5 £25.8
SOL (min)® 11.6+£179 149+248 8.50+ 6.78 17.8 £23.0 5.00 £ 5.14
WASO (min)f 37.1 £20.3 33.9+21.8 40.1 £18.9 34.9 £ 16.5 39.5 +24.0
Baseline 2 TST (min) 402.6 +35.3 398.2 + 38.4 407.0+£32.5 398.8 + 39.4 406.4 £31.5
SOL (min) 11.56+£249 16.6 + 34.1 6.44 +7.68 123 +34.4 10.8 +£9.49
WASO (min) 38.2+19.7 34.8+14.3 41.7+£24.0 329+ 14.4 43.5+23.2
Total sleep deprivation TST (min) = — — = —
SOL (min) - - - - -
WASO (min) - - - - -
Recovery 1°¢ TST (min) 528.3 +69.4 517.7 £90.7 538.3+41.8 534.9 + 40.5 521.2 £92.0
SOL (min) 1.81 £3.36 247 +£4.27 1.19+217 1.81 £3.92 1.80+2.78
WASO (min) 51.3 +£47.3 441 +40.2 58.1 £53.5 59.6 &+ 54.7 424 £37.7
Recovery 2°¢ TST (min) 390.3 &+ 50.1 385.2 + 45.0 395.0 £ 55.5 381.9 £ 55.7 399.1 £43.5
SOL (min) 123 +134 12.7 £ 16.6 11.9+£10.0 18.7 £ 16.4 10.9 +£9.51
WASO (min) 47.3 +£36.9 39.1+20.0 55.0 +47.0 49.6 +47.2 449 +£225

aPVT, Psychomotor Vigilance Test; PKSS, Karolinska Sleepiness Scale; °N = 15 in the 10-min PVT resilient group and the KSS vulnerable group; 9TST, total sleep time;
eSOL, sleep onset latency; FWASO, wake after sleep onset. Resilient and vulnerable groupings were based on a median split on average PVT performance or on average
KSS scores during total sleep deprivation and psychological stress.
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