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Editorial on the Research Topic
 The Effects of Altered Gravity on Physiology



In physiology, a graded dose-response curve relates the stimulus input to a specific measured output. Space studies in humans and animals have provided only a snapshot into understanding the role of gravity on physiological responses. Fully understanding this relationship, including adaptive mechanisms, will provide the information required to ensure normal physiological function in crew for long-duration space missions (Clément, 2017).

Various methods can be used for generating altered gravity, including orbital flight, parabolic flight, head down/up tilt, body loading/unloading, and centrifugation (Richter et al.). In this Frontiers in Physiology Research Topic, ten papers have used these various methods for studying the effects of altered gravity on sensorimotor, musculoskeletal, cardiopulmonary, and cerebrovascular responses in humans and rodents.


ORBITAL FLIGHT

Long stays in weightlessness take a toll on the human body, as the muscles atrophy, bones lose minerals, and a new set of stimuli imposes novel challenges on the vestibular and cardiovascular systems (Gunga et al., 2016). Stationary bike and treadmill were used on Sklylab and Mir stations; however, they were not completely successful in preventing astronauts' muscle and bone loss. A new exercise device, the Interim Resistive Exercise Device (iRED), was flown on the International Space Station to target weight-bearing structures, such as squats to load the spine, hips and legs (Schneider et al., 2003). McNamara et al. analyzed computed tomography scans of 16 crewmembers before and after long-duration spaceflight and found that crewmembers experienced less decrease in the back, abdominal, and paraspinal muscles after using iRED protocols in orbit.

During spaceflight, the vestibular otolith organs no longer adequately sense gravito-inertial accelerations. Animal studies have shown that otolith afferents are initially hypersensitive to tilt after return to Earth (Boyle et al., 2001). Perhaps as a result of this hypersensitivity, astronauts overestimate pitch and roll tilt for 1–2 days immediately after landing (Clément and Wood, 2013). In addition, their performance during manual motion-based simulation tasks is greatly impaired, which is a navigational concern (Moore et al., 2019). Clément et al. showed that adaptive changes in astronauts' vestibular processing during spaceflight impair their ability to manually control tilt following transitions between gravitational environments; however, simple aids, such as vibrotactile feedback, can be used to improve their performance.

These changes in vestibular processing after spaceflight are confirmed by brain imaging study showing functional connectivity modifications between the vestibular cortex, the vestibular nuclei, and the cerebellum in cosmonauts after long-duration spaceflight (Pechenkova et al.). Interestingly, the severity of space motion sickness symptoms experienced by these subjects was found to correlate with a post- to pre-flight difference in connectivity between the right and left areas of the vestibular cortex.



PARABOLIC FLIGHT

The parabolic trajectory of an aircraft exposes the passengers to repeated transitions from increased to reduced gravity (Karmali and Shelhamer, 2008). Ritzmann et al. compared postural adjustments in response to perturbations across gravity levels ranging from 0.25 to 1.75 g by varying the aircraft's pitch angle during pull-up. Subjects walked on a split treadmill and changes in their leg muscles activity and ankle and knee joint trajectories were recorded as the speed of the belts suddenly changed. Results showed a linear relationship between gravity level and EMG amplitudes and muscle onset latencies after perturbations.



HEAD DOWN/UP TILT

Body tilt of supine subjects allows for partial mechanical unloading along the subject's longitudinal axis in normal Earth's gravity and simulate cephalad fluid shifts (Pavy-Le Traon et al., 2007). Boschert et al. placed subjects at −12° (head down), corresponding to −0.2 g linear acceleration (Clément et al.), for 3 days and two nights to determine whether changes in cerebral hemodynamics also affected sleep. Results indicated that jugular vein venous congestion occurred faster and that the quality of sleep was poorer at the greater head tilt angle.

Diaz-Artiles et al. compared cardiopulmonary responses of subjects to various gravitational loads along the body longitudinal axis as they exercised on a cycle ergometer while supine with the head-down or head-up. Angles of tilt were −6° (simulating 0 g), 9.5° head up (0.16 g lunar gravity), 22.3° head up (0.38 g Mars gravity), and upright (1 g Earth gravity). Heart rate and respiration tidal volume increased as a function of the gravitational load, whereas respiration rate, and the volume of O2 and CO2 uptake decreased as a function of the gravitational loads.



BODY LOADING/UNLOADING

In rodents, a 30° head-down tilt by tail suspension unloads the weight-bearing hindlimbs and creates a cephalad fluid shift and situational stress that are analogs to weightlessness (Morey-Holton and Globus, 2002). Ulanova et al. showed that a 7-days hindlimb suspension resulted in soleus muscle atrophy and a decrease in titin (T1), a protein responsible for the passive elasticity of muscle. Administration of L-Arginine, a semi-essential amino acid, decreased the degree of atrophy and prevented the decrease in T1 levels, thus mitigating the effects of gravitational unloading.

Mortreux et al. used a partial weight suspension system that allowed for reduced loading on all four limbs while still permitting quadrupedal locomotion (Wagner et al., 2010). Here, rats were supported for 14 days under Mars-analog suspension (38% weight bearing) and compared with age-matched (100% weight bearing) controls. Their results demonstrated that resveratrol, a polyphenol that is known to preserve bone and muscle mass, treatment during partial unloading significantly preserves muscle function and mitigates muscle atrophy.

Arntz et al. studied the vestibular drive for standing balance in humans when loading the body downward at 1.5 and 2 times their body weight, and when exposing subjects to hypergravity (1.8 g) during parabolic flights. A stochastic electrical vestibular stimulus (0–25 Hz) delivered during these tasks evoked a vestibular-error signal and corrective muscles responses. With additional load, the magnitude of the vestibular-evoked muscle responses progressively decreased and plateaued at 1.5 times body weight.



CENTRIFUGATION

Diaz-Artiles et al. exposed subjects to 1.4 g at their feet via short-radius centrifugation and measured their cardiovascular responses while exercising on a cycle ergometer. They found that cardiac output, stroke volume, pulse pressure, and heart rate significantly increased with the gravity level. These results confirm that combination of exercise and artificial gravity provide a greater cardiovascular benefit than exercise alone.
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Artificial gravity (AG) has often been proposed as an integrated multi-system countermeasure to physiological deconditioning associated with extended exposure to reduced gravity levels, particularly if combined with exercise. Twelve subjects underwent short-radius centrifugation along with bicycle ergometry to quantify the short-term cardiovascular response to AG and exercise across three AG levels (0 G or no rotation, 1 G, and 1.4 G; referenced to the subject’s feet and measured in the centripetal direction) and three exercise intensities (25, 50, and 100 W). Continuous cardiovascular measurements were collected during the centrifugation sessions using a non-invasive monitoring system. The cardiovascular responses were more prominent at higher levels of AG and exercise intensity. In particular, cardiac output, stroke volume, pulse pressure, and heart rate significantly increased with both AG level (in most of exercise group combinations, showing averaged increments across exercise conditions of 1.4 L/min/g, 7.6 mL/g, 5.22 mmHg/g, and 2.0 bpm/g, respectively), and workload intensity (averaged increments across AG conditions of 0.09 L/min/W, 0.17 mL/W, 0.22 mmHg/W, and 0.74 bpm/W respectively). These results suggest that the addition of AG to exercise can provide a greater cardiovascular benefit than exercise alone. Hierarchical regression models were fitted to the experimental data to determine dose-response curves of all cardiovascular variables as a function of AG-level and exercise intensity during short-radius centrifugation. These results can inform future studies, decisions, and trade-offs toward potential implementation of AG as a space countermeasure.

Keywords: artificial gravity, orthostatic intolerance, human experiments, spaceflight deconditioning, spaceflight countermeasure


INTRODUCTION

Astronauts undergo important physiological deconditioning in space due to the weightless environment. Bone loss, muscle atrophy, cardiovascular deconditioning, or neurovestibular alterations are some of the most common issues experienced during space missions (Clément, 2005; Buckey, 2006). The observed changes in cardiovascular performance have been attributed to the loss of hydrostatic pressure gradients in microgravity (Charles and Lathers, 1991; Williams et al., 2009), causing a series of physiological adaptations, including a fluid shift from the lower extremities to the upper part of the body, a decrease in circulating blood volume, cardiac atrophy, an increase in venous compliance, a reduction of the baroreflex sensitivity (Clément and Bukley, 2007), and other alterations in autonomic function (Mandsager et al., 2015). Oxidative stress (Dhalla et al., 2000), radiation (Baker et al., 2011), and elevated CO2 levels (Sliwka et al., 1998) may also affect cardiovascular regulation. Previous in-flight investigations have shown significant changes in hemodynamics during both short- (Norsk et al., 2006; Verheyden et al., 2009; Eckberg et al., 2010; Norsk, 2014; Norsk et al., 2015), and long-duration (Baevsky et al., 2007; Verheyden et al., 2009; Hughson et al., 2012; Norsk et al., 2015) spaceflight. This general adaptation of the cardiovascular system to weightlessness, especially if combined with detrimental musculoskeletal changes (LeBlanc et al., 2007; Fitts et al., 2010), may lead to orthostatic intolerance (Buckey, 2006) and a significant reduction in work capacity (Levine et al., 1996) when re-exposure to a significant gravitational environment, like on Earth, occurs.

Currently, there are several countermeasures in place that seek to mitigate the detrimental effects of weightlessness. The introduction of the new Advanced Resistance Exercise Device (ARED) in 2008 has resulted in an attenuation in bone loss when coupled with other countermeasures such as adequate energy intake and vitamin D (Smith et al., 2012), or bisphosphonates (LeBlanc et al., 2013). In general, these countermeasures are specific to individual physiological systems. Cardiovascular countermeasures, for example, have included aerobic and resistive exercise (Buckey, 2006; Trigg, 2013), Lower Body Negative Pressure (LBNP) (Charles and Lathers, 1994; Clément and Bukley, 2007), fluid loading (Clément and Bukley, 2007), intra-vehicular activity suits (Kozlovskaya et al., 1995; Kozlovskaya and Grigoriev, 2004; Waldie and Newman, 2011), landing compression garments (Platts et al., 2009), and nutrition and dietary supplements (Buckey, 2006; Smith et al., 2012). To date, however, countermeasures have failed to consistently preserve pre-flight levels of physiological function, despite the significant crew time that needs to be allocated to them (Clément and Pavy-Le Traon, 2004; Kozlovskaya and Grigoriev, 2004; Buckey, 2006; Clément and Bukley, 2007; Trappe et al., 2009; Lee et al., 2015). Consequently, about two-thirds of returning Shuttle astronauts experienced some degree of orthostatic intolerance (Buckey et al., 1996; Lee et al., 2015), with one out of every four astronauts failing to complete a 10-min stand test on landing day due to light-headedness, palpitations, and syncope (Williams et al., 2009). The incidence of orthostatic intolerance is even greater after longer missions in the ISS, where the proportion of astronauts that could not complete a 10-min orthostatic tilt test is about 33% (Lee et al., 2015). New approaches, possibly combining novel and current countermeasures, are needed for longer missions in the future, such as a trip to the surface of Mars, where astronauts will not have the ground support and resources usually provided on Earth after landing.

Artificial gravity (AG) has been proposed as a promising multisystem countermeasure (Paloski and Charles, 2014; Clément G.R. et al., 2016; Clément, 2017). By intermittently creating a gravitational gradient along the major body axis, AG has the potential to prevent multiple aspects of human deconditioning from occurring during long exposure to weightlessness. Different physiological systems, including the musculoskeletal, cardiovascular, neurovestibular, and immune systems could benefit at the same time from AG exposure while in space (Buckey, 2006; Clément and Bukley, 2007; Paloski and Charles, 2014; Clement et al., 2015; Linnarsson et al., 2015). Furthermore, the benefits of centrifugation could be enhanced if combined with exercise. In addition to its direct contribution to muscle and cardiovascular conditioning, exercise during AG increases tolerance to centrifugation via the muscle pump, protecting astronauts from fainting (Clément and Bukley, 2007; Kaderka et al., 2010). In particular, lower body cycling exercise using an ergometer device mounted on a short-radius centrifuge while rotating has been shown to be effective in preventing cardiovascular deconditioning (Greenleaf et al., 1997; Iwase et al., 2002; Evans et al., 2004; Katayama et al., 2004; Iwase, 2005; Iwasaki et al., 2005; Stenger et al., 2007; Yang et al., 2007, 2010). AG therefore has the potential to provide a greater overall physiological benefit for a given amount of exercise and crew time (Paloski and Charles, 2014; Clement et al., 2015). Similarly, AG could provide similar physiological benefit with less amount of exercise and crew time. Despite the potential benefits and the increasing interest in this area from the scientific community (Paloski and Young, 1999; Young et al., 2009; Paloski and Charles, 2014), many questions still remain concerning its implementation. Aspects such as the appropriate gravity level, centrifuge configuration, radius, angular velocity, exposure time, exercise modality, exercise protocol, or safety concerns are still unanswered, and require further investigation (Clément G. et al., 2016). Of particular interest is to understand the relationship between gravitational dose and physiological response, which is unknown for most human physiological systems (Clément, 2017).

Recent studies have investigated acute cardiovascular responses while being exposed to AG using a short-radius centrifuge. A study conducted at the Institute for Space Medicine and Physiology (MEDES), in Toulouse, France, investigated two gravity levels (1 G and 2 G, measured at the feet), and concluded that centrifugation at 2 G provides similar blood pressure regulatory indices (Verma et al., 2018), and similar cardiovascular and cerebral responses (Goswami et al., 2015a) to standing. Another study conducted at the German Aerospace Institute (DLR) also investigated cardiovascular reactions to centrifugation at 1 and 2 G (measured at the feet) showing apparent gender-specific patterns in their cardiovascular responses (Masatli et al., 2018). In both studies, subjects adopted a supine position with the head located near the center of rotation. However, in all cases subjects were laying down passively, without engaging in any exercise or muscle pump-related contraction.

The objective of our research is to characterize the dynamic cardiovascular response during centrifugation, generated by a short-radius centrifuge, combined with lower-body ergometer exercise in healthy human volunteers. An experimental approach was implemented to investigate the short-term cardiovascular effects of the gravity level and the exercise intensity, and to generate gravitational dose-response curves in a short-radius centrifuge. It was hypothesized that higher levels of AG would increase the stress upon the cardiovascular system and thereby elicit more pronounced cardiovascular reflex responses in order to maintain blood pressure homeostasis. Additionally, it was further hypothesized that these responses would be more apparent when cardiovascular demand increased further at higher exercise intensities.



EXPERIMENTAL METHODS

Centrifuge Configuration

The experiments were conducted using the Compact-Radius Centrifuge (CRC) at the Massachusetts Institute of Technology (MIT) (Diaz et al., 2015b). Prior to the study, the centrifuge underwent several modifications, primarily driven by the international flight project “Artificial Gravity with Ergometer Exercise” (AGREE) (Diaz et al., 2015b). This project sought to integrate a short-radius centrifuge with an ergometer exercise device for possible deployment in the Permanent Multipurpose Module (PPM) on-board the International Space Station (ISS). Thus, the new configuration of the MIT centrifuge incorporated the majority of requirements from AGREE, particularly the space limitations and subject configuration, resulting in three main modifications. First, the radius of the centrifuge was constrained to 1.4 m (maximum upper radial limit to fit a centrifuge into the PMM). Second, an ergometer device (Lode BV, Groningen, Netherlands) was incorporated into the centrifuge, allowing subjects to engage in lower-body cycling while being rotated. Finally, subjects were positioned in the right-lateral decubitus position with their head located at the center of the rotation and facing “into the wind,” and their feet strapped to the ergometer device. This positioning not only minimizes motion sickness, but also minimizes lateral knee deflections caused by Coriolis forces while cycling (Duda et al., 2012). If needed, the ergometer position was slightly adjusted to ensure subjects could properly reach the pedals during cycling. The left leg was suspended using adjustable leg straps to facilitate the exercise in the sidewise position. Figure 1 shows a schematic of the MIT centrifuge configuration. Subjects were secured using a three-point seat-belt and monitored continuously using a wireless video camera. A detailed description of the CRC MIT centrifuge configuration and subject positioning is available elsewhere (Diaz et al., 2015a,b).


[image: image]

FIGURE 1. MIT short-radius centrifuge configuration during the experimental sessions. The centrifuge was constrained to a radius of 1.4 m, and a cycle ergometer was used during the centrifugation runs. Subjects were positioned on their right side facing “into the wind.”



Experimental Design and Instrumentation

We implemented a within-subject, counterbalanced, full factorial experimental design, such that all subjects experienced every combination of AG level and exercise intensity. Each subject participated in three experimental sessions, scheduled on three different days within the same week. The experimental sessions were usually scheduled on consecutive days, although due to subjects’ scheduling constraints some sessions occurred every other day. For each subject, the three sessions were scheduled in the morning at approximately the same time to control for possible confounding circadian effects. Additionally, on testing days the subjects were asked to refrain from drinking caffeine and exercising prior to each test session. In each of the three sessions, subjects underwent the same 25-min experimental protocol, under a specific AG level. The AG levels tested were: 0 G (no rotation), 1 G, and 1.4 G. These levels were chosen based on either their relevance to spaceflight (0 and 1 G), or the maximal rotation capacity of the centrifuge (1.4 G). The order of the three sessions (0 G vs. 1 G vs. 1.4 G) was counterbalanced across subjects, meaning that subjects experienced the three AG conditions in different order to counteract for potential carryover effects. The AG levels were measured at the subject’s feet (i.e., the axis of rotation of the ergometer), and they corresponded approximately to rotation rates of 0 rpm (0 G), 28.6 rpm (1 G), and 33.4 rpm (1.4 G). Depending on the ergometer position, these rates were adjusted slightly to ensure that the appropriate gravity level was reached at each subject’s feet.

During the experimental sessions, beat-to-beat cardiac output (CO), stroke volume (SV), pulse pressure (PP), heart rate (HR), mean (MBP), systolic (SBP), and diastolic blood pressure (DBP), and total peripheral resistance (TPR) were continuously determined, recorded, and archived using the Nexfin monitor (Edwards Lifesciences Corporation, Irvine, CA, United States). The only interface with the subject was an inflatable finger cuff that includes an infrared photo-plethysmograph sensor to measure the volume of the finger arteries to calculate the real-time finger pressure waveform. The finger pressure waveform is then transformed to brachial pressure waveform to counteract both the pressure drop to resistance, and the pressure wave amplification in peripheral sites like the fingers (Penaz, 1973; Bogert and van Lieshout, 2005; Eeftinck Schattenkerk et al., 2009; Perel et al., 2011). Blood pressure numerics and HR are directly obtained from the branchial pressure waveform while SV, and thus CO = SV∗HR and TPR = MAP/CO, are estimated by the Nexfin CO-trek algorithm and depend on subject’s age, gender, height, and weight (Truijen et al., 2012). Subjects were instructed to keep their hand with the finger cuff at heart level during the entire protocol to avoid pressure changes due to altered hydrostatic effects caused by the rotating environment and the strong gravity gradient present in a short-radius centrifuge. In addition to the cardiovascular recordings, foot-force data using force plates mounted on the pedals (Vernier Software & Technology), and subjective data related to comfort and motion sickness (using an exit survey) were also collected during the experiments, and these results are available elsewhere (Diaz et al., 2015b).

Artificial Gravity Profile and Exercise Protocol

While the gravity level varied among experimental sessions, the exercise protocol remained the same and it is shown in Figure 2. Once subjects were positioned on the centrifuge, their cardiovascular variables were recorded during a baseline period of 3 min. Then, the centrifuge either remained motionless (0 G condition) or was accelerated over approximately 100 s to the desired G-level. The acceleration was sufficiently smooth to ensure subjects were comfortable during this process. Approximately 2 min were provided at the end of the acceleration for the transient effects of the spin-up to subside and for subjects to get used to the new gravitational load. Subjects then executed the exercise portion of the testing protocol. Once completed, an additional 2 min were provided for subjects to partially recover from the exercise. The centrifuge was then spun-down over the course of 60 s. The shorter duration of the centrifuge deceleration was related to the capabilities of the MIT centrifuge motor. Subjects reported no symptoms of motion sickness during the spin-up or spin-down process, or any other phase of the protocol, with the full motion sickness and comfort data being available elsewhere (Diaz et al., 2015b). Completion of the spin-up, transient wait, exercise period, recovery wait, and spin-down took less than 25 min.
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FIGURE 2. Twenty-five minutes exercise protocol conducted at each experimental session. The protocol included a baseline period (3 min), the spin-up process to the desired G-level (100 s), a first period of AG alone before exercise (125 s), the ergometer exercise period (15-min including work rate transitions), a second period of AG alone after exercise (120 s), and the spin-down process (60 s). The three G-levels tested were 0, 1, and 1.4 G (measured at the feet), corresponding to angular velocities of 0, 28.6, and 33.4 rpm respectively.



Each exercise period lasted 15 min, and it included three exercise intensities and transitions between them. The work rates tested were: 25 W (“warm-up” intensity during 3 min), 50 W (“low” intensity during 5 min), and 100 W (“high” intensity during 5 min). The exercise work rates were selected to provide a broad range of cardiovascular responses and were based on preliminary data. Changes between workload levels were implemented linearly and smoothly, as indicated in Figure 2, to avoid potential injuries. The exercise protocol was created using the Lode Ergometer Manager, Version 9.4.4 (LEM, 2013, Groningen, Netherlands) software package provided with the ergometer. It ran automatically without any intervention from the subject or the operator. In order to avoid confounding factors, subjects were instructed to keep a constant pedal cadence of 60 rpm that was maintained using a metronome. The pedal cadence was also important for the development and validation of a cardiovascular model associated to this investigation and to be reported in separate publications (Diaz Artiles et al., 2016).

Subjects and Study Approval

Twelve healthy subjects (6 males, 6 females) between 23 and 29 years old participated in the study. Given the important changes of the cardiovascular system with age, the age range of selected subjects was limited as much as possible to avoid age-related confounding factors. Average (±standard deviation) age and weight were 25.1 ± 2.1 years, and 69.3 ± 11.6 kg, respectively. Selected subjects exercised regularly and were comfortable engaging in continuous aerobic exercise for at least 1 h. Prior to participating in the study, subjects were asked to complete a questionnaire designed to identify exclusion criteria such as recent musculoskeletal injuries, joint or muscle pain, and cardiovascular defects or conditions. All subjects were able to complete the protocols and experienced no adverse effects. The study protocol was approved by the Committee on the Use of Humans as Experimental Subjects at MIT. Each subject received written and verbal explanations of the study protocols and gave written informed consent to participate in the experiment.

Data Analysis and Statistics

Before analysis, raw cardiovascular signals were filtered using a low-pass Butterworth filter (cut-off frequency between 2 and 8 Hz), both in forward and reverse directions to compensate for phase delays. Additionally, data segments presenting motion artifacts were eliminated from the dataset and not included in the analysis.

Each of the cardiovascular variables was averaged over the last 2 min of each protocol phase. Thus, at each AG level, five values were calculated for each CV variable, per subject, corresponding to the baseline period (BL), and workload intensities of 0 W (centrifugation but no exercise), 25, 50, and 100 W. To study the effects of centrifugation alone (i.e., without exercise), paired, two-sided t-tests were used to compare the CV variables at BL with centrifugation (0 W). Since three AG conditions were tested, we implemented a Bonferroni correction for comparisons of multiple groups and used α = 0.05/3 = 0.017 to determine statistical significance. To study the effects of centrifugation combined with exercise, a two-way repeated-measures ANOVA was implemented using AG level (0, 1, and 1.4 G) and workload intensity (0, 25, 50, and 100 W) as fixed, within-subjects factors; and gender as a between-subjects factor. All the necessary data assumptions were checked and the Greenhouse–Geisser correction was applied when the data violated the assumption of sphericity (Abdi, 2010). Most of the ANOVAs resulted in significant interaction effects (CO, SV, HR, MBP, and DBP), and therefore the “simple main effects” (difference between groups at each level of each factor; for example the difference between AG levels at 100 W) are also calculated for all variables. The Bonferroni correction for multiple comparisons of the various subgroups was also incorporated in this analysis.

To further quantify and model the effects of AG and exercise work rate (WR) on the cardiovascular variables, we used the following mixed hierarchical regressions to generate dose-response curves between 0 and 1.4 G:
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where the measured cardiovascular variable (CV Variable) from the jth measurement combination (3 AG × 4 WR levels: j = 1–12) in the ith subject is a function of the AG term (0, 1, or 1.4 G), the workload intensity (0, 25, 50, or 100 W), and the interaction term (AG ∗ WR). The regression model has subject-dependent intercepts (i.e., biases; ρi, where i = 1–12 subjects). In a first step, the subjects’ random effects were estimated (ρi), accounting for the within-subject experimental design. In the second step, the CV Variable being analyzed was regressed on the rest of the terms. We tested model assumptions, including normality of the error distribution (εij) and homogeneity of variances. Statistical tests were performed using SYSTAT 13 Version 13.00.05 (SYSTAT Software Inc. 2009, San Jose, CA, United States).



RESULTS

Continuous recordings from the cardiovascular variables gathered during the centrifuge runs are shown in Figure 3. Each graph contains three cardiovascular responses for the 12 subjects (mean ± SE) corresponding to the three AG level experienced (0, 1, and 1.4 G). In addition, the spin-up phase (starting at Time = 3 min) and spin-down phase (starting at Time = 23:45 min), as well as the exercise phase (from Time = 6:45 min to Time = 21:45 min) are also indicated in all figures. Calculated averages (mean ± SE, including all 12 subjects) for the eight cardiovascular variables collected in each AG condition are summarized in Table 1.
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FIGURE 3. Cardiovascular responses from 12 subjects (mean ± SE) during the 25-min centrifuge run under three different AG-levels (0, 1, and 1.4 G). The protocol includes a spin-up phase (starting at Time = 3 min), the exercise phase with multiple workload intensities (from Time = 6:45 min to Time = 21:45 min), and the spin-down phase (starting at Time = 23:45 min).



TABLE 1. Calculated averages [mean (SE), including all 12 subjects] during each protocol phase for the 8 CV variables recorded during the centrifuge runs.
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Centrifugation Alone

A paired, two-sided t-test revealed a significant difference in HR between BL and centrifugation alone (0 W) at 1.4 G condition. At this AG level, HR increased by 6.8%, from 64.9 bpm at baseline to 69.3 bpm during centrifugation, and this increase was statistically significant [t(11) = 2.833, P = 0.016]. Further testing did not reveal significant differences between other averaged values at BL and centrifugation alone (0 W) for any of the AG conditions. Despite the absence of additional statistical significance, transient cardiovascular changes showed the expected tendencies in response to gravitational stress. For example, SV in 1 and 1.4 G conditions (Figure 3) decreased when starting the centrifugation phase (from 97.4 to 90.4 mL at 1 G and from 102.6 to 94.9 mL at 1.4 G), and HR increased (from 63.1 to 69.2 bpm at 1 G and from 63.5 to 73.1 bpm at 1.4 G) as well as TPR (from 0.87 PRU to 1.03 PRU at 1 G and from 0.81 PRU to 0.89 PRU at 1.4 G) as compensatory mechanisms to maintain homeostasis. As expected, no changes were observed in the 0 G condition, since subjects were not being centrifuged. We confirmed that, for each CV variable, all three baselines (0, 1, and 1.4 G) were not statistically different from each other using a one-way repeated-measures ANOVA (for all CV variables: p > 0.05).

Centrifugation and Exercise

Two-way repeated-measures ANOVAs were conducted to examine the effects of AG level and workload intensity on cardiovascular responses. There were statistically significant effects of AG level on PP [F(2,22) = 4.147, P = 0.03], and of workload intensity on PP [F(1.578,17.353) = 53.697, P < 0.0005], SBP [F(1.402,15.419) = 54.729, P < 0.0005], and TPR [F(1.465,16.111) = 160.995, P < 0.0005]. In these variables the interaction terms were not statistically significant. However, there was a statistically significant interaction between AG level and workload intensity on the rest of the cardiovascular variables: CO [F(3.037,33.408) = 4.949, P = 0.006], SV [F(6,66) = 7.867, P < 0.0005], HR [F(6,66) = 5.183, P < 0.0005], MBP [F(6,66) = 2.375, P = 0.039], and DBP [F(6,66) = 4.561, P = 0.001]. Therefore, for these (and also the rest) CV variables the simple main effects were calculated, and statistical results are summarized in Table 1 and Figure 4. Results from this analysis show that increasing AG level from 0 to 1.4 G significantly increases SV and CO when doing ergometer exercise at 25 W (SV: P = 0.044; CO: P = 0.016), 50 W (SV: P = 0.029; CO: P = 0.017) and 100 W (SV: P = 0.003; CO: P = 0.005). CO also increased from 1 to 1.4 G at 0 W (P = 0.004) and at 25 W (P = 0.015). Statistical analysis also revealed a significant increase in HR from 1 to 1.4 G at 0 W (P = 0.007), 25 W (P = 0.016), and 50 W (P = 0.018), as well as a decrease from 0 to 1 G when exercising at 100 W (P = 0.005). Finally, statistically significant changes in blood pressure also occurred when exercising at 100 W between 0 and 1 G (MAP: P = 0.029; DBP: P = 0.016), and between 0 and 1.4 G at 100 W (DBP: P = 0.039). No statistically significant simple main effects of AG-level were found on SBP, PP, or TPR. Concerning workload intensity, simple main effects were found to be statistically significant in all CV variables in almost all group combinations (see Table 1).
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FIGURE 4. Cardiovascular data from 12 subjects (mean ± SE) by AG-level (0 G, 1 G, and 1.4 G) and workload intensity (0 W, 25 W, 50 W, and 100 W). The figure highlights significant differences between AG-levels within the same workload intensity in HR, SV, CO, DBP, and MAP (simple main effects from 2-factor repeated measures ANOVA with Bonferroni correction, ∗significantly different at p < 0.05). Our analysis also showed a statistically significant overall effect of AG-level on PP (main effects two-way repeated-measures ANOVA, ∗∗significantly different at p < 0.05) but the simple main effects did not yield a significant result. For clarity, significant differences between work rates have not been included.



Dose-Response Curves

The results of the regression model (Equation 1) applied to the averaged cardiovascular data are given in Table 2. Only the significant β coefficients were included in the regression models (P < 0.05), and further interaction terms (not shown) were not significant. This specific regression analysis shows that AG level contributes to changes in all CV variables, either directly (β1 and β2) and/or through the interaction term (β5). Specifically, we found statistically significant quadratic relationships between AG level and all CV variables, which could be an indication of the non-linear nature of short-radius centrifugation. Results show that CO, SV, and PP generally increase with AG, especially between 1 and 1.4 G. HR increases with AG level at 0 W but this AG effect seems to disappear at higher work rates. Workload intensity has a significant effect on all variables. The positive β4 coefficients for PP, SV, CO, MAP, SYS, DIA, and HR indicate that these variables increase with workload intensity, and the negative β3 coefficient for PP, SV, CO, SYS, DIA, and HR indicates a limitation of this increase at higher work rates. Likewise, the negative β4 coefficient for TPR indicates that TPR decreases with increasing workload intensity; the positive β3 coefficient indicates that this reduction is less important at higher work rates. The interaction term was found significant and positive for CO (β5 > 0), and significant and negative for HR and DBP (β5 < 0). Experimental data and the statistical models fitted to the data are shown in Figure 5.

TABLE 2. Regression analysis coefficient for all cardiovascular variables based on the following equation:
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FIGURE 5. Statistically significant mixed regression models fitted to the cardiovascular experimental data across all conditions: three AG-levels (0 G, 1 G, and 1.4 G) and four workload intensities (0 W, 25 W, 50 W, and 100 W). Symbols and error bars correspond to experimental data from 12 subjects (mean ± SE) in each condition.



Gender Differences

While the study was not specifically designed to study gender differences, we conducted an exploratory analysis to determine if there was significant differences between genders. We found significant differences during centrifugation between males and females (between-subjects effect of repeated measures ANOVA) in two CV variables: SV (p < 0.0005), and PP (p = 0.006). We also compared baseline measurements between both genders (two-tailed, two sample t-test) and found significant differences in SV (p < 0.0005), CO (p = 0.018), PP (p = 0.025), and SBP (p = 0.022). Male and females cardiovascular data at baseline and during centrifugation are shown in Table 3 and Figure 6.

TABLE 3. Cardiovascular variables [mean (SE), 6 females and 6 males] at baseline and during centrifugation separated by gender.
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FIGURE 6. Male and female cardiovascular variables (mean ± SE) during the centrifugation runs, shown at each AG-level across all workload intensity conditions. There was a statistically significant gender effect (between-subjects effect of repeated measures ANOVA, ∗significantly different at p < 0.05) in SV (p < 0.0005) and PP (p = 0.006). Trends are also present in other variables, namely HR, CO, and TPR.





DISCUSSION

Artificial gravity combined with exercise is a promising countermeasure to mitigate human deconditioning in space, particularly during future long duration spaceflight missions beyond Low-Earth Orbit. The use of a compact-radius centrifuge on-board might present an affordable approach to generate gravity in space. However, many questions still remain unanswered regarding the appropriate configuration, parameters, and exercise protocols to keep astronauts in a healthy physiological state. We implemented a comprehensive experimental study on human physiology during ergometer exercise using a new configuration of the MIT compact-radius centrifuge, which experienced several modifications in order to be compatible with a future use in the ISS. This experiment contributed to the identification and quantitative characterization of the short-term cardiovascular response to different AG levels and exercise workload intensities. To our knowledge, this is the first experiment that covered multiple exercise and AG levels, including a reference point with no AG.

The amplitude of the cardiovascular responses adapted to the stress level generated, not only by the exercise intensity, but also by the AG level to which the subjects were exposed while exercising. We did find a statistically significant effect of AG-level on PP (main effects two-way ANOVA), which seems to be driven by the reduction in DBP at higher gravitational levels. The average increase across exercise conditions of PP per unit of AG was 5.22 mmHg/g. Additionally, based on the simple main effect and subsequent regression analyses, CO, SV, and HR also increased with AG-level, showing an averaged increment across exercise conditions of 1.4 L/min/g, 7.6 mL/g, 2.0 bpm/g, respectively. Thus, if we consider total blood circulation (in L) an overall index of cardiovascular stress after exercise of a certain duration and intensity, the addition of centrifugation reduces the amount of exercise needed to achieve a similar degree of cardiovascular stress due to exercise alone. For example, a regular 30-min exercise with an average CO of 10 L/min generates a total blood circulation of 300 L. Our results suggest that adding centrifugation at 1 G (which increases CO to ∼11.4 L/min) reduces the exercise length an average of 12.3% to achieve the same amount of total blood circulation. Likewise, the exercise protocol is reduced an average of 16.5% when centrifugation at 1.4 G is superposed to exercise. In a similar manner, the addition of centrifugation could increase the overall index of cardiovascular stress during a specific exercise protocol of a fixed duration. Thus, superposing 1 and 1.4 G to a 30-min exercise protocol increases the total blood circulation in 14% and 19.6% respectively. While the cardiovascular index used does not capture all the complex physiological mechanisms occurring during exercise, it provides a high-level, quantitative “score” of overall cardiovascular activity, and our results suggest that centrifugation combined with exercise increases this activity with respect to exercise alone. We believe that the addition of AG during exercise protocols could be beneficial during spaceflight, providing additional stress to the cardiovascular system and/or reducing the amount of exercise currently executed during space missions.

The expected cardiovascular dynamics induced by the immediate exposure to AG are well captured during the spin-up phase. Similar to standing up in Earth’s gravity, the application of AG introduces a new stress condition that the cardiovascular system needs to overcome in order to assure the appropriate amount of blood flow to all parts of the body. We expect that the orthostatic stress introduced with centrifugation will cause multiple responses in the cardiovascular system. One of the consequences of applying a gravitational stress (applied in the head-to-toe direction) to the human body is blood pooling in the veins of the lower part of the body, which can cause an important, rapid, and transient decrease in blood pressure, particularly if the gravity stress is introduced in a suddenly manner. When there is a significant blood pressure drop, the autonomic nervous system inhibits parasympathetic activity and increases sympathetic stimulation triggered principally by the arterial baroreceptors in the carotid sinus and the aortic arch areas, which are the primary receptors for short-term control of the cardiovascular system. An increase in heart rate and contractility of the heart as well as an increase in TPR (amongst other mechanisms) will act to maintain the appropriate amount of blood flow to all the organs, in particular the brain.

In our experiment, subjects were exposed gently (over 120 s) to two different levels of AG. Our heart rate data showed an increase during the spin-up phase, and this response was more prominent, sustained, and statistically significant in the 1.4 G condition, presumably due to the cardiovascular response to a higher AG environment. Our experimental data also captured the expected dynamics of the vascular resistance: an initial decrease at the beginning of the spin-up process when first exposed to a new gravitational environment, followed by a relatively constant increase due to the sympathetic component of the cardiovascular control system. As a result of these control actions, other cardiovascular variables such as blood pressure, PP, SV, and CO showed only small changes during this phase. This is consistent with previous short-radius centrifugation studies where subjects did not show differences in pressure numerics (MAP, SBP, DBP), between baseline in supine position, 1 G, or 2 G (measured at the feet) (Goswami et al., 2015a; Verma et al., 2018). With the exception of the gravity gradient, which is particularly pronounced during short-radius centrifugation, this follows the same overall cardiovascular mechanisms and responses that someone on Earth experiences when changing from supine to upright position.

Overall, we did not find significant changes in the averaged values in any of the CV variables between BL and centrifugation alone (except HR at 1.4 G), most likely due to a combination of the specific subjects’ positioning, the muscle-pump effect, the strong gravity gradient, and the relatively low gravity levels implemented in this experiment. The subjects’ head was located at the center of rotation and the gravity level was measured at the feet. Cardiovascular sensors, in particular the baroreceptors, are located in the upper part of the body, and therefore, they were not exposed to gravitational changes as large as the feet or, in general, the lower part of the body. In the 1.4 G condition (i.e., the gravity level at the feet was 1.4 G), the AG level at the baroreceptors was 0.32 G (assuming that these are located at 25 cm from the center of rotation). Similarly, when the feet were exposed to 1 G, the baroreceptors were subjected to just 0.23 G. However, our data did show the expected trend according to the cardiovascular regulation mechanisms and suggest that higher AG-levels (i.e., higher rotation rates AND/OR larger radii) should be investigated in future experiments. Our results are consistent with a previous short-radius centrifugation study where CV responses were not different from baseline (supine) when subjects were subjected to 0.39 G at the heart (equivalent to 1 g at the feet) whereas 0.75 G at the heart (equivalent to 2 g at the feet) provided similar CV reflexes to standing, inducing a significantly higher HR and a significantly lower SV (Goswami et al., 2015a). Limitations in our centrifuge only allowed us to investigate a maximal AG-level of 1.4 G and thus, we did not find the same degree of significance in CV responses than previous studies conducted at 2 G. However, our data show the expected trends and are always consistent with existing results.

Exercise stresses the cardiovascular system and important physiological changes occur. During intense exercise, CO can increase to six or seven times the normal values (Guyton, 1990). Muscle activation increases venous return and therefore mean systemic pressure. Autonomic stimulation increases heart rate and heart contractility. As a consequence, CO also increases to meet the new metabolic demands imposed by the exercise activity. In addition, the higher muscle metabolism causes vasodilatation, and total peripheral resistance decreases to meet the metabolic demand. These cardiovascular changes due to exercise and work rate transitions were observed across all CV variables, and simple main effects analysis showed a statistically significant effect of work rate in all CV variables between most of all group combinations. Averaged changes across AG conditions were: 0.09 L/min/W (CO), 0.17 mL/W (SV), 0.22 mmHg/W (PP), 0.74 bpm/W (HR), 0.34 mmHg/W (MAP), 0.37 mmHg/W (SYS), 0.15 mmHg/W (DIA), and -0.005 PRU/W (TPR).

Exercise increases muscle metabolism and, even though the level of sympathetic stimulation is high, vascular smooth muscle in the exercise muscles dilates to satisfy the increasing local metabolic demands (functional hyperemia). According to this mechanism, in this experiment the vascular resistance decreased during the exercise protocol. In particular, significant reductions can be observed in the 1.4 G condition at the beginning of the 25 and 50 W exercise phases. After these initial reductions, the resistance seemed to level-off, presumably due to an increase in sympathetic activity, reaching an equilibrium state between two competing mechanisms: dilation due to functional hyperemia, and contraction due to sympathetic activity. Results from the regression fit showed that vascular resistance decreases with AG level, which could be explained by the more important “internal” metabolic demand of exercising muscles at higher AG levels (Bonjour et al., 2010). Bonjour and his colleagues demonstrated that the internal metabolic power during cycling, which includes all sources of metabolic energy other than the external mechanical power, is directly proportional to gravity acceleration (Bonjour et al., 2010). In our experiment, the external mechanical power was fixed (i.e., 25, 50, 100 W), but changes in the total metabolic demand could be possible due to changes in the gravitational environment. The exact nature of those changes in the presence of a gravity gradient requires further investigation, but our results are consistent with the study mentioned above. During the exercise phase at 100 W, the vascular resistances at 1 and 1.4 G seemed to overlap and level off, probably indicating that maximal muscle dilation has been reached.

A number of short-radius centrifugation studies have been reported in which subjects were conducting ergometer exercise while being exposed to AG (Iwase et al., 2002; Evans et al., 2004; Iwasaki et al., 2005; Iwase, 2005; Stenger et al., 2007; Yang et al., 2010; Wang et al., 2011). These studies mainly focused on physiological responses before and after exposure to a specific experimental intervention (typically -6 degrees head-down bed rest, or 1–3 weeks of training) with and/or without exposure to AG + ergometer exercise. Thus, data from subjects during centrifugation are scarce and current data do not provide a suitable basis for comparison with our own results.

Although we do not know the exact form of the dose-response relationships between the cardiovascular variables as a function of AG level or exercise intensity, we were able to fit statistically significant linear regressions to our experimental data (Table 2). To our knowledge, this is the first time that cardiovascular data have been collected during short-radius centrifugation in such a large number of conditions (3 AG-levels and 4 exercise intensities) in a rigorous and systematic way, with the same set of subjects. Thus, our dataset is unique and constitutes a good starting point to investigate gravitational dose-responses on a centrifuge. When necessary, we used the Bayesian Information Criterion (BIC) to select between multiple model options, which could include more or less parameters from Equation 1. The BIC is a criterion for model selection among a finite set of models and it not only reward a better fitting but also penalizes when adding free parameters, since this could result in overfitting the data (Schwarz, 1978). Thus, each model option has a BIC associated, and the model with a lower BIC is preferred, which implies either fewer explanatory variables, better fit, or both. As an example and based on this criterion, we included a (WR2) term (i.e., β3≠0) in most of the models since this term provided a better explanation of the data even with the penalization related to the addition of an extra parameter (i.e., lower BIC). We decided to use linear models due to the small sample size (3 observations per exercise intensity), and these results should be enriched with additional data to be gathered in future experiments in order to improve the accuracy and goodness of fit of the models, especially if used for prediction purposes at higher G-levels. For example, blood pressure data (particularly SBP, but also MAP and, to a certain extent, DBP) might indicate a more complex curve fitting to capture what appears to be a systematic reduction in pressure at 1 G followed by an increase at 1.4 G (Figure 5). This pattern is harder to interpret, but we can mention several factors that could contribute to explain this behavior. First, higher AG levels generate higher sympathetic activity to counteract the gravitational stress and maintain blood pressure at appropriate levels. Additionally, the muscle pump effect during ergometer exercise is theoretically more important at higher AG levels, further facilitating the return of blood to the heart in the 1.4 G condition. This hypothesis is supported by both the larger reduction in vascular resistance (indicating a more important metabolic demand of the exercising muscles) and the higher foot forces exerted on the ergometer in the 1.4 G condition (Diaz et al., 2015b) (presumably indicating a stronger muscle pump effect). Therefore, despite the stronger blood pooling in the lower body at higher AG levels, this exercise effect, combined with the higher sympathetic activity, could contribute to explaining the higher blood pressure values in the 1.4 G condition.

Our sample size is small to conduct a comprehensive study on gender effects. However, we conducted an exploratory analysis and we found gender differences in cardiovascular responses to centrifugation. Specifically, females showed smaller SV and PP than men across all levels of centrifugation and work rates. Although not significant, we also observed trends indicating that females presented larger HR and lower CO, and larger changes in HR with respect to baseline. Females also presented lower SV, CO, PP, and SBP at baseline. This is consistent with previous studies reporting gender specific patterns in cardiovascular responses to AG (Evans et al., 2018; Masatli et al., 2018). Under orthostatic stress, women typically show higher HR and lower SV (Goswami et al., 2015a; Evans et al., 2018), and they present higher incidence of orthostatic intolerance compared to men (Platts et al., 2014). Additional studies on gender effects to AG with larger number of subjects are warranted.

The Nexfin monitor measures the arterial blood pressure waveform from which it derives beat-to-beat cardiovascular parameters, such as SV, CO, and TPR, using a set of assumptions and population-based reference values, including age-related changes in the aortic pressure-area relationship (Wesseling et al., 1993, 1995; Bogert and van Lieshout, 2005; Westerhof et al., 2009; Truijen et al., 2012). A variety of studies has been conducted to evaluate the use of non-invasive devices such as Nexfin to monitor CV responses under different conditions. Cardiovascular measurements derived from the Nexfin algorithm [based on the Modelflow algorithm (Truijen et al., 2012)] showed good correlation with standard methods including traditional blood pressure measurements (e.g., Riva-Rocci/Korotkoff) (Eeftinck Schattenkerk et al., 2009; Martina et al., 2010; Martina et al., 2012; Truijen et al., 2012; Rao et al., 2018), transpulmonary thermodilution, Doppler ultrasound, and rebreathing (Wesseling et al., 1993; Harms et al., 1999; Bogert et al., 2010; Shibata and Levine, 2011; Broch et al., 2012; van der Spoel et al., 2012; Bubenek-Turconi et al., 2013). Additional studies demonstrated that SV and CO can be estimated by photoplethysmography during open heart cardiac surgery (which involves large hemodynamics changes beyond nominal conditions) (Wesseling et al., 1993), exercise (Bartels et al., 2011), and during conditions where hydrostatic pressures are altered such as fluid challenges (Critchley et al., 2014), moderate orthostatic stress due to LBNP (Harms et al., 1999; Shibata and Levine, 2011; Goswami et al., 2015b), and exposure to hyper-gravity up to +4 Gz (Manen et al., 2015). However, some authors argue that the Nexfin system is not a satisfactory substitute for transpulmonary thermodilution techniques to monitor critical care patients (Fischer et al., 2012). Other studies pointed out potential gravity-dependent limitations of pulse contours methods (PCM) to estimate CO, compared to the rebreathing technique, during microgravity (Limper et al., 2011; Arai et al., 2013) and hyper-gravity (Arai et al., 2013) using parabolic flights. However, these same studies concluded that PCM can be used to track CO dynamics during rapid changes of acceleration profiles (Limper et al., 2011). Another study compared PCM with standard rebreathing techniques in microgravity during long duration spaceflight (>119 days in space), showing limitations presumably due to changes in parameters (i.e., increase in vascular compliance in the splanchnic circulation) affecting the aortic pressure-area relationship assumed in the Modelflow algorithm. While these are important results to consider for future spaceflight applications, our subjects were representative of the normal, healthy population and did not undergo the significant “long-term” physiological changes that astronauts experience during long duration spaceflight. Additionally, it has been shown that in healthy sedentary (i.e., non-masters athletes) young individuals, the assumed “aortic ages” within the PCM were comparable with chronological ages (Shibata and Levine, 2011), supporting the reliability of Modelflow parameters under moderate orthostatic stress conditions. Despite the fact that there are currently no studies that have confirmed the validity of this technique under conditions of altered hydrostatic profiles caused by the rotating environment and presence of a gravity gradient, we took additional measures during our experiment to eliminate this potential source of error. In particular, subjects did not use the Nexfin feature that automatically corrects for hydrostatic differences in pressure when the monitored hand is not at heart level. Instead, subjects kept theirs immobile and aligned with their heart during the entire experiment. This technique has also been used in previous centrifugation studies (Goswami et al., 2015a,b; Verma et al., 2018). While the Nexfin and other similar systems such as Portapres, Finometer, and Finapres certainly have limitations, they currently are the only methods to measure continuous arterial blood pressure and estimate other CV variables continuously and non-invasively. These devices have been used extensively in the human life science space program and ground-based analog studies (Fritsch-Yelle et al., 1994; Di Rienzo et al., 2008; Verheyden et al., 2009; Hughson et al., 2012; Stenger et al., 2013; Goswami et al., 2015a,b; Lee et al., 2015; Linnarsson et al., 2015; Morita et al., 2016; Masatli et al., 2018; Verma et al., 2018), including in conditions where hydrostatic pressures are moderately altered such as Head-Up Tilt and LBNP (Linnarsson et al., 2015; Goswami et al., 2015b). Similarly, our study induced only moderate orthostatic stress, and we are using a device that facilitates comparison with other studies in the field, which is important. Our results are also quantitatively reasonable and in agreement with previous studies (Goswami et al., 2015a; Verma et al., 2018).

Other limitations of the study are related to the facilities and the resources available to conduct the experiment. Subjects’ age was not fully representative to the current astronaut population. However, age range was limited to only 6 years to avoid potential alterations in the cardiovascular system related to age differences. Additionally, the duration of the test sessions was limited to 25 min due to structural limitations of the MIT centrifuge and to avoid excessive fatigue of subjects during the exercise protocol. Thus, the relatively short duration of the exercise conditions caused some CV variables to not reach steady state, particularly at higher work rates, and extrapolations of the results outside the timeframes tested should be done with caution. Similarly, other AG levels (both between 0–1 G, and >1.4 G, measured at the subjects’ feet) and workload intensities should be tested to expand the results outside the ranges used in this experiment. Additionally, a more exhaustive experiment and analysis should be performed to fully capture proper physiological responses during spin-down. The focus of the experiment presented herein is not the post-exercise and spin-down phase. Here, the effects of both factors (recuperation after intense exercise and centrifuge deceleration) are certainly confounded in the results, since both phases are very close together due to time and protocol constraints on the centrifuge.



CONCLUSION

For the first time, we characterized and quantified continuous cardiovascular response to AG generated by a short-radius centrifuge combined with lower-body ergometer exercise. Different levels of AG and workload intensity were tested and analyzed, informing future decisions and trade-offs regarding the implementation of AG in the future. The orthostatic stress introduced by AG caused the cardiovascular system to increase its overall activity to maintain homeostasis, and these responses were in general more significant at higher AG levels and higher exercise work rates. Our results suggest that AG combined with exercise may be beneficial to cardiovascular conditioning in space, by increasing the overall cardiovascular stress during exercise protocols and/or by reducing the amount of exercise to achieve a similar degree of cardiovascular stress than exercise alone. Based on this analysis, we also recommend to explore both higher AG-levels (to elicit more pronounced CV responses), as well as AG-levels between 0 and 1 G (to fill the gap between this two conditions) in future experiments to get a more comprehensive understanding of short-radius centrifugation during exercise on the CV system.
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The objectives of this study were to quantify decrements in controlling tilt on astronauts immediately after short-duration spaceflight, and to evaluate vibrotactile feedback of tilt as a potential countermeasure. Eleven subjects were rotated on a variable radius centrifuge (216∘/s <20 cm radius) in a darkened room to elicit tilt disturbance in roll (≤± 15∘). Nine of these subjects performed a nulling task in the pitch plane (≤±7.5∘). Small tactors placed around the torso vibrated at 250 Hz to provide tactile feedback when the body tilt exceeded predetermined levels. The subjects performed closed-loop nulling tasks during random tilt steps with and without this vibrotactile feedback of tilt. There was a significant effect of spaceflight on the performance of the nulling tasks based on root mean square error. Performance returned to baseline levels 1–2 days after landing. Vibrotactile feedback significantly improved performance of nulling tilt during all test sessions. Nulling performance in roll was significantly correlated with performance in pitch. These results indicate that adaptive changes in astronauts’ vestibular processing during spaceflight impair their ability to manually control tilt following transitions between gravitational environments. A simple vibrotactile prosthesis improves their ability to null-out tilt within a limited range of motion disturbances.

Keywords: vestibular system, manual control, vibrotactile feedback, microgravity, subjective vertical


INTRODUCTION

We previously compared perceptual and ocular changes in astronauts by tilting them in roll and pitch before and immediately after short-duration spaceflight. The astronauts overestimated tilt and translation as a result of their adaptation to weightlessness (Clément and Wood, 2014; Clarke and Schönfeld, 2015). When a spacecraft is accelerating or decelerating, the automated processes for determining the position of the horizon are not very accurate and the pilot must manually correct the tilt of the vehicle. During future exploration mission to Mars where dust clouds are common, it will be critical that the astronaut pilots estimate the amplitude of the vehicle tilt and manually level the vehicle in the absence of any visual cues. Changes in perceived body position caused by adaption to weightlessness could impair an astronaut’s ability to manually correct the position of spacecraft and this could have dire consequences (Paloski et al., 2008). To further define this risk of impaired performance, we assessed how spaceflight affects astronauts’ abilities to perform a manual-nulling task during passive body tilt in pitch and roll.

Although all the Space Shuttle landings were successful, the pilots’ landing performances varied. Landing speeds of the Space Shuttle varied considerably: 20% of the first 100 touchdowns were faster than acceptable, and six were so fast they risked damaging the landing gear tires (Moore et al., 2008). In addition, Clark and Bacal (2008) noted that the two fastest landings were linked to the pilot’s momentary spatial disorientation. The degree of neurovestibular dysfunction in the astronauts within several hours of landing (as measured by subjective symptoms, spatial disorientation, impairment in locomotion and coordination of movements, and functional motor performance) was negatively correlated with their performance navigating the spacecraft during the landing procedure.

Previous investigations assessed how nine astronauts manually controlled lateral translations during linear acceleration 2 days after they returned from 10 days Spacelab missions (Arrott and Young, 1986; Arrott et al., 1990). Astronauts were seated in a cabin that was mounted perpendicular to a sled and they were tested while the sled moved in a random appearing velocity profile made of 12 sinusoids added together. Subjects were asked to null out the pseudo-random disturbance of lateral motion using a joystick that controlled the velocity of the sled. On landing day, most astronauts performed this task in the dark better than they did before the mission. No spaceflight-induced change in performance was observed when they completed the same task with visual cues. Unfortunately, the astronauts did not report any sense of roll tilt during lateral translation on the sled. After the mission, the astronauts’ performance appeared to improve relative to preflight performance during the higher frequencies of the profile used, which were more likely to generate a sense of translation (Wood, 2002).

Merfeld (1996) measured how two astronauts controlled roll tilt after the 14 days Space Life Science-2 Spacelab mission. Subjects sat on a motion platform that tilted from 0.4 to 2.4° in a pseudo-random sinusoidal profile. On landing day, the two subjects’ ability to maintain an upright orientation was greatly impaired compared to their ability before the flight. Clark et al. (2015a) tested a similar manual control task while rotating subjects to 1.5 and 2 Gz in a ground-based centrifuge. Performance of the roll motion-nulling task in darkness degraded during the first trials, but subjects improved their performance over time (Clark et al., 2015b).

Further tests were conducted on the Spacelab astronauts during larger amplitude roll tilts, which correspond to tilts pilots experience when they are flying a spacecraft. Studies using both actual body tilt and centrifugation have shown that immediately after spaceflight the astronauts overestimated the tilt of their body in roll relative to gravity (Reschke and Parker, 1987; Glasauer and Mittelstaedt, 1998; Clément et al., 2001; Clément and Wood, 2013, 2014). We found that subjective estimates of the amplitude of static body tilt in pitch 2 days after landing were unchanged from preflight values (Clément and Wood, 2014). Ocular counter-rolling and counter-pitching, i.e., the compensatory eye movement in response to head roll and pitch tilt, respectively, were not significantly altered (Clément et al., 2007).

The primary goal of the present study was to quantify the decrements in controlling both roll and pitch tilt in a larger group of astronauts immediately after spaceflight. The secondary goal was to test the efficacy of a countermeasure for mitigating these decrements. Vibrotactile feedback (also referred to as haptic feedback) improves balance by using the sense of touch to substitute for, or augment, the sense of sight and balance (Shull and Damian, 2015; Sienko et al., 2017). Vibrotactor arrays placed around the waist of individuals with vestibular deficits can help them reduce tilts of their heads and displacements of their center of pressure while they are standing with their eyes closed (Kentala et al., 2003; Wall and Kentala, 2005; Wall, 2010). The U.S. Navy developed a tactile situation awareness system (TSAS) to cue pilots on the orientation of their aircraft relative to gravity during aerial navigation and combat (Rupert, 2000). The vibration of tactors distributed on the subjects’ torso cued them to move in the opposite direction of vibration, and the location of vibrating tactor indicated the degree of desired correction.

More recently, Sienko et al. (2008) found that four tactors spaced evenly around the waist were as effective for correcting posture sway as an array of 48 tactors (3 rows by 16 columns) placed around the waist. In the present study we used a belt with pairs of tactors in each direction of tilt: two tactors were aligned on the front and on the back of the torso during pitch tilt tests, and two were aligned on the right and on the left of the torso during roll tilt tests. We activated the tactors when the chair offset exceeded preset values. We compared tilt nulling performance in pitch and roll before and after spaceflight, and with and without this tactile feedback.



MATERIALS AND METHODS

Subjects

Eleven crewmembers (10 males, 1 female; age 42–55 years, mean 49 years) participated in this experiment. Each crewmember flew on one of eight Space Shuttle missions lasting 11–15 days. All subjects had normal neurological function, as evaluated during the NASA astronaut selection process and subsequent annual medical examination. This study was carried out in accordance with the recommendations of NASA Johnson Space Center Institutional Review Board. The protocol was approved by NASA Johnson Space Center Institutional Review Board. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

All subjects were tested three times before the mission at the Neuroscience Laboratory of the NASA Johnson Space Center (JSC) in Houston at approximately launch minus (L-) 120 days, L-90 days, and L-60 days. The initial post-flight test for the roll tilt stimuli was typically performed between 1 and 4 h after return to Earth (R+0 day) tests at the Space Shuttle landing sites at the Kennedy Space Center or the Dryden (now Armstrong) Space Research Center. Testing was delayed until return to NASA JSC on five subjects due to motion sensitivity or equipment malfunction. Nine subjects participated in the pitch tilt stimuli immediately upon return to NASA JSC during the day following the return to Earth (R+1). Return to baseline performance was monitored with continued post-flight testing at NASA JSC on R+2 and R+4 days.

Roll Tilt

A variable radius centrifuge was used to generate a centripetal acceleration along the subjects’ interaural axis, which elicited a perception of tilt (somatogravic illusion) in roll without concordant roll cues from the semicircular canals canal or visual cues (Clark and Graybiel, 1966). Subjects were restrained in a chair that was mounted on a small translation stage fixed to rotator that turned about the vertical axis in a light tight enclosure (Figure 1A). The restraint system incorporated straps and padding at shoulders, mid-torso, waist, thighs, and feet. Support was provided by moldable Vac-Pacs (Olympic Medical, Seattle, WA, United States) that helped immobilize the body and distribute the pressure uniformly during tilt. A head restraint with adjustable foam pads provided even pressure and head stability relative to the chair. The height and fore-aft position of the head restraint was adjusted to accommodate different subjects while restraining their head in a naturally upright orientation.


[image: image]

FIGURE 1. (A) Roll tilt The variable radius centrifuge consisted of a servo-controlled rotator with a small linear track to provide dynamic translation of the chair during constant velocity rotation. Controlling the joystick with their right hand, subjects attempted to keep the chair in the center of the lateral translation stage (maintain a perceived upright orientation). (B) Pitch tilt Subjects sat in a chair that tilted in pitch about the interaural axis while they performed a closed-loop nulling task in which they used a joystick to null out perceived tilt motion. Photo credit: NASA.



The roll stimuli involved an integrated protocol with Clarke and Schönfeld (2015) where the centrifuge was either slowly accelerated (3°/s2) to a constant velocity of 216°/s or decelerated if a unilateral eccentric rotation paradigm was performed first. In either case, subjects rotated for 60 s at constant velocity to allow the post-rotatory response of semicircular canals to decay. After the subjects no longer sensed the rotation, the chair was displaced using the translation stage by ±6.1, ± 12.2, and ±18.5 cm in a random order for 5 s at each position, corresponding to a static roll-tilt of the gravitoinertial acceleration vector at ±5°, ± 10°, and ±15°, respectively. Throughout the random displacements, subjects were instructed to use a chair-mounted joystick to control the chair’s translation motion and orient themselves to what they perceived to be an upright orientation.

Pitch Tilt

The subjects were restrained in a tilt chair that was mounted inside a light-tight enclosure. The chair could rotate in pitch about the horizontal axis by means of a direct drive servomotor and a pivoting yoke assembly. The subjects were restrained in the chair with straps and padding around their shoulders, mid-torso, and waist. The chair height was adjusted to align the subject’s head inter-aural axis with the tilt axis, and their head was restrained in an upright orientation. The chair was then tilted in pitch at ±2.5°, ± 5°, and ± 7.5° in a random order for 5 s at each angle. As with roll, subjects were instructed to use a chair-mounted joystick to orient the chair to what they perceived as upright (Figure 1B), i.e., null out the tilt disturbances. In both the tilt chair and the centrifuge, noise-canceling headphones were used for two-way audio communications and for suppressing any auditory cues of spatial orientation.

Vibrotactile Feedback

Small (0.3 inch in diameter) electromechanical vibrators (C2 model, Engineering Acoustics Inc., Winter Park, FL, United States) provided vibrotactile feedback regarding the direction and amplitude of tilt. The vibration was similar to vibration mode on cell phones (Wood et al., 2009). Before getting into the chair, subjects donned a belt that had four of these tactors. Two tactors were positioned vertically on the front and two on the back of the torso during pitch tilt; two tactors were positioned vertically on the right and two on the left of the torso during roll tilt. Information on body orientation was derived from encoders mounted to the drive axes. Tactors provided a steady pulse rate (250 Hz) that indicated both direction and magnitude of tilt. The lower tactor was activated when body tilt reached 2° relative to gravity; the upper tactor was activated when body tilt reached 4° relative to gravity; both the lower and upper tactors were activated when body tilt reached 6° relative to gravity. Subjects were trained to use the vibrotactile feedback of tilt at the beginning of the first two preflight sessions. To minimize any learning effects, only the last preflight session was compared with the post-flight measures. The order of trials with and without vibrotactile feedback was also counterbalanced across subjects.

Data Analysis

Nulling task performance was derived from the Root Mean Squared (RMS) error in degrees across each entire trial. Thus, lower RMS error represented improved nulling performance relative to higher RMS error. RMS error was obtained from each pitch and roll session for both nulling with and without vibrotactile performance. Based on Shapiro–Wilk tests, the data were not consistently normally distributed. Therefore, only non-parametric statistical tests were utilized.

For both pitch and roll nulling performance, the effect of spaceflight was evaluated with a related samples Friedman’s Analysis of Variance by ranks using preflight, R+0/1, R+2, and R+4 measurements. The effect of vibrotactile feedback on nulling performance was based on a related samples Wilcoxon Signed Rank test. Finally, the relationship between nulling performance in pitch and roll was evaluated with the Spearman’s rho. A the critical statistic of p < 0.05 was used for all analytical testing.

The first and second preflight sessions were considered familiarization training for the initial exposures to the nulling task. Although there was no significant difference in RMS measures across the three preflight sessions for roll and pitch planes with or without vibrotactile feedback (Friedman’s ANOVA), we felt that the latest preflight session was the most appropriate baseline measure since it would minimize any learning or recency effects. There did appear to be a trend of continued improvement during the later post-flight period, presumably due to learning effect with more frequent testing.



RESULTS

Figure 2 illustrates the typical nulling performance during roll and pitch tilt for both preflight and post-flight tests. As seen in this figure, the deviations in roll were typically symmetrical while the deviations in pitch tended to be asymmetrical with deviations more prevalent in the backward direction. The nulling performance was generally better in the roll plane compared to the pitch plane. A comparison of Figure 2A with Figure 2C and Figure 2E with Figure 2G exemplifies that larger RMS errors were observed post-flight relative to preflight.


[image: image]

FIGURE 2. Typical recordings of residual chair tilt after nulling (dark area) in response to imposed chair tilt (thin line) in roll (left side) and pitch (right side) before (top half) and after (bottom half) spaceflight without and with tactile tactile feedback. Performance without vibrotactile feedback is shown in (A,C,E,G). Performance during the same sessions with vibrotactile feedback is shown in (B,D,F,H). The dashed lines on these traces indicate the lowest threshold at which vibrotactile feedback was provided. The RMS error value for each test in also reported. r, right, l, left; f, forward; b, backward.



Based on the Friedman’s ANOVA, the effect of spaceflight was significant for both roll (p < 0.001) and pitch (p = 0.047). There was a significant difference in RMS error during roll tilt between preflight and R+0 (Wilcoxon signed rank, p = 0.017). RMS error returned to baseline values for both pitch and roll tilt by R+2 days (Figure 3).


[image: image]

FIGURE 3. RMS error values averaged for all subjects (±SE) for the nulling tasks during roll tilt (A) and pitch tilt (B) before (Pre) and after spaceflight without (open symbols) and with (filled symbols) the tactors. Shaded areas represent the flight (not at scale).



The effectiveness of vibrotactile feedback to reduce RMS error both preflight and post-flight is illustrated in Figure 3 by comparing performance without and with vibrotactile feedback. Using Wilcoxon signed rank, the difference in RMS error without and with vibrotactile feedback was significantly reduced during both roll and pitch tilt (p < 0.001). The consistency of this improved performance is further illustrated in Figure 4 by plotting the nulling performance with and without vibrotactile performance for each session during roll and pitch tilt. The vast majority of points falls in the shaded region below the unity line, which illustrates that nulling performance was consistently greater with vibrotactile feedback.


[image: image]

FIGURE 4. Plot of RMS error values with and without vibrotactile feedback in both the roll and pitch tilt and across all test days for each of the 11 subjects. The unity line illustrates when performance is the same with and without vibrotactile feedback, while the shaded region below this line indicates when performance is improved (RMS error is reduced) with vibrotactile feedback.



The larger RMS errors observed during the roll stimuli (compare Figure 3A and Figure 3B) are likely attributable to the greater tilt angles in roll. However, differences in vestibular cues between these two stimuli may also explain the larger errors in roll. The roll stimuli elicited tilt disturbances using centripetal accelerations during variable radius centrifugation in contrast to the concordant otolith and canal cues elicited during pitch stimuli. Nevertheless, it is interesting to evaluate the individual performances across both stimuli. Figure 5 illustrates that there was a significant correlation between an individual’s performance in roll and pitch, including trials during which vibrotactile feedback was utilized. The Spearman’s rho was 0.496 (p < 0.001), suggesting that better performers in roll also tended to be better performers in pitch.
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FIGURE 5. Plot of the relationship between the nulling performance in pitch vs. the nulling performance in roll, including trials without (open symbols) and with (filled symbols) vibrotactile feedback. The line represents best linear fit, characterized by Spearman’s correlation (rho = 0.496, p < 0.001).





DISCUSSION

The results of the present study agree with those obtained after the Space Life Sciences-2 mission (Merfeld, 1996): astronauts returning from spaceflight missions lasting from 11 to 15 days have difficulties controlling roll tilt in the absence of visual cues. By contrast, their control of pitch tilt is less affected by spaceflight. This difference is in agreement with tilt perception reports that showed astronauts overestimated the amplitude of roll tilt on R+0, but their perception of the amplitude of pitch tilt on R+1 was the same as preflight (Clément and Wood, 2014). Moreover, the improvements in performance using vibrotactile feedback suggests that the astronauts’ motor function, i.e., their manipulation of the joystick, was unaffected by exposure to weightlessness.

When trying to null-out an overestimated tilt in roll immediately after landing, the subjects presumably overshoot and this induces a tilt in the opposite direction and therefore generates more instability. These effects, however, are no longer present on R+2, suggesting that the deficits are due to re-adaptation to gravity, which persist throughout the early post-flight period. One limitation in our study was that the first test using the tilt chair took place at R+1, so it is possible that impairment in controlling pitch present at R+0 had recovered in part by R+1. Nevertheless, we demonstrated a significant effect of spaceflight for both pitch and roll tilt.

One possible interpretation for the impaired control of roll tilt after spaceflight is that perception of tilt in darkness becomes useless in weightlessness because body tilt in space will not result in a fall. The otoliths in the inner ear sense both head translation and head tilt relative to gravity. In weightlessness, head tilt no longer stimulates the otoliths, but they are still stimulated by head translation. Researchers have therefore proposed that during adaptation to weightlessness, the brain interprets all otolith output as translation only, and that this interpretation persists during the early post-flight period (Young et al., 1984; Parker et al., 1985). Other authors have suggested that in weightlessness some neural processes that integrate sensory input might use rotational cues for interpreting ambiguous gravitoinertial signals via internal models (Merfeld et al., 1999; Angelaki and Dickman, 2003; Merfeld, 2003; Angelaki et al., 2004; Zupan and Merfeld, 2005; Clark et al., 2015c).

The hypothesis of multi-sensory convergence suggests that in weightlessness, the brain switches from detecting gravity solely based on signals from the otolith organs to including signals from the semicircular canals (Angelaki and Dickman, 2003; Angelaki et al., 2004). In ground-based studies, Angelaki et al. (1999) used monkeys to show the importance of integrating multi-sensory information to discriminate tilt from translation. The monkeys moved their eyes horizontally to compensate for translation at 0.5 Hz, but their eyes moved only slightly during pure roll tilt. However, when their semicircular canals were plugged, the monkeys moved their eyes horizontally during all linear acceleration, regardless of whether the acceleration resulted from translation or tilt. This result is very similar to how the human eye moves in response to constant velocity rotation >0.3 Hz in an off-vertical axis (Wood, 2002). In the present study the semicircular canals were not stimulated during the roll tilt induced by centrifugation, whereas they were stimulated when the chair was tilted in pitch. The origin of the impairment in nulling performance in roll could be intra-vestibular conflict during centrifugation. However, Merfeld (1996) observed impairment in nulling performance when astronauts were tilted in roll relative to the gravity after spaceflight, which stimulated both the semicircular canals and the otoliths.

The other notable finding from the present study is that a simple vibrotactile sensory aid improves control of tilt when attempting to maintain an upright orientation within a limited tilt range. Previous tests have shown that a TSAS is a promising tool for reducing spatial disorientation in unusual acceleration environments (Rupert, 2000) when sensory cues are limited and sensorimotor function is compromised. Similar technology has been used to aid orientation in aeronautic and space environment (Rochlis and Newman, 2000; Van Erp et al., 2002) and to control balance in vestibular-compromised patients.

A study of one astronaut on board the International Space Station showed that localized vibration on the torso to indicate “down” made orienting in weightlessness faster, better, and easier (Van Erp and Van Veen, 2006). The effectiveness of this tactile aid increased over the first 7 days of staying in microgravity while the relative contribution of visual information to spatial orientation decreased over the same period.

In the recent years, vibrotactile feedback has been used successfully in aviation and to improve rehabilitation of individuals with balance disorders (Rupert, 2000; Wall, 2010). Tactile displays can help individuals to learn and change the limits of their stability while they stand or walk and to “tune” the motion inputs from their extra-vestibular system, which helps them improve their postural control. Wall and Kentala (2005) demonstrated that patients with vestibular dysfunction had improvements in postural performance when using tactile displays that record anterior-posterior motion at their waist. Vibrotactile feedback of tilt may also help the elderly or individuals with injuries that cause them to struggle with acute and chronic imbalance. Balance and vestibular rehabilitation therapy could be initiated in a laboratory setting, then the patients could supplement the clinical training at home using another version of the feedback device, and they could continuously wear a portable version to help prevent falls (Wall, 2010).

Since these effects may be attributable to vestibular (primarily otolith) adaptation to spaceflight, one would expect the differences to be larger following long duration spaceflight. Unfortunately, crewmembers now return from the International Space Station on the Soyuz, which lands in the Kazakhstan desert, and the earliest opportunity to perform post-flight measurements in a laboratory is >22 h after landing. Once the NASA Multipurpose Crew Vehicle or the Space-X Dragon spacecraft are operational, it may be possible to test crewmembers of these vehicles sooner after landing, as it was the case with the Space Shuttle crewmembers.



CONCLUSION

The results of this study demonstrate that a simple belt using two tactors on each side improved the performance of a nulling task during all the sessions. An even simpler system that uses only one tactor on each side, cycling from a slow pulse rate to a steady pulse to indicate both the direction and magnitude of tilt, is currently being tested on astronauts returning from long-duration spaceflight on board the International Space Station. Our current understanding of the risk of impaired control of a spacecraft due to vestibular alterations associated with spaceflight is limited. The pilots’ landing performance has been less than desired for both the Space Shuttle and the lunar lander during the Apollo program. Because of the extent physiological adaptation to weightlessness plays in these performance decrements, we can anticipate that the risk of failure will become much greater after a 6 months outbound exploration trip (without artificial gravity) than after a Space Shuttle mission lasting 1–2 weeks. Moreover, the effects of transition from weightlessness to Mars gravity rather than Earth gravity (0.38 g vs. 1 g) is unknown. Tactile feedback, as well as other sensorial countermeasures, including visual, vestibular, auditory, and multisensory displays (Paillard et al., 2014), could potentially mitigate these risks.
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Recent studies are elucidating the interrelation between sleep, cranial perfusion, and cerebrospinal fluid (CSF) circulation. Head down tilt (HDT) as a simulation of microgravity reduces cranial perfusion. Therefore, our aim was to assess whether HDT is affecting sleep (clinicaltrials.gov; identifier NCT 02976168). 11 male subjects were recruited for a cross-over designed study. Each subject participated in two campaigns each comprising 3 days and 2 nights. Intervention started on the second campaign day and consisted of maintenance of horizontal position or −12° HDT for 21 h. Ultrasound measurements were performed before, at the beginning and the end of intervention. Polysomnographic measurements were assessed in the second night which was either spent in horizontal posture or at −12° HDT. Endpoints were sleep efficiency, sleep onset latency, number of sleep state changes and arousals, percentages of N3, REM, light sleep stages and subjective sleep parameters. N3 and REM sleep reduced by 25.6 and 19.1 min, respectively (P = 0.002, g = -0.898; P = 0.035, g = -0.634) during −12° HDT. Light sleep (N1/2) increased by 33.0 min at −12° HDT (P = 0.002, g = 1.078). On a scale from 1 to 9 subjective sleep quality deteriorated by 1.3 points during −12° HDT (P = 0.047, g = -0.968). Ultrasonic measurement of the venous system showed a significant increase of the minimum (P = 0.009, P < 0.001) and maximum (P = 0.004, P = 0.002) cross-sectional area of the internal jugular vein at −12° HDT. The minimum cross-sectional area of the external jugular vein differed significantly between conditions over time (P = 0.001) whereas frontal skin tissue thickness was not significantly different between conditions (P = 0.077, P = 0.811). Data suggests venous congestion at −12° HDT. Since subjects felt comfortable with lying in −12° HDT under our experimental conditions, this posture only moderately deteriorates sleep. Obviously, the human body can almost compensate the several fold effects of gravity in HDT posture like an affected CSF circulation, airway obstruction, unusual patterns of propioception and effects on the cardiovascular system.

Keywords: head down tilt, simulated microgravity, bed rest, polysomnography, sleep


INTRODUCTION

Head down tilt (HDT) reduces intracranial perfusion and leads to jugular vein congestion (Marshall-Goebel et al., 2016; Kramer et al., 2017). Moreover, an increased intracranial pressure is a consequence of HDT (Lawley et al., 2017). Xie et al. (2013) have demonstrated that sleep, among other factors, is vital for cranial fluid exchange and metabolic clearance of by-products via the “glymphatic” system. Transport via the “glymphatic” system is also dependent on body position (Lee et al., 2015). Yet one of the major drivers for intracranial fluid regulation is respiration (Dreha-Kulaczewski et al., 2015; Delaidelli and Moiraghi, 2017). Body position, altered respiration and the accompanying changed intracranial fluid dynamics are likely to affect sleep at HDT.

Of note, HDT is also used as a ground-based model of spaceflight (Kakurin et al., 1976; Pavy-Le Traon et al., 2007). Fluid shifts in the direction of the head and venous congestion in particular are salient effects of both spaceflight and HDT.

Sleep is often disturbed in astronauts. Reduced sleep quality is frequently ascribed to the “multistressor environment” onboard the space station, comprising challenges by noise, workload, lighting, sleep shifting and hypercapnia. All these factors combined eventually result in deteriorated sleep quality and quantity. A daily sleep period of a sufficient time (8.5 h) is set during missions. However, astronauts reported an actual sleep duration of only about three quarters of the available sleeping time (Dinges et al., 2013). Sleep duration is further reduced during periods of circadian misalignment (Flynn-Evans et al., 2016). The shortened and disturbed sleep during shuttle flights and on the International Space Station (Dijk et al., 2001; Whitmire et al., 2009) is changed to an extent that has detrimental effects on cumulative sleep duration and performance in Earth-based studies (Van Dongen et al., 2004). Polysomnographic recordings showed altered sleep architecture with a reduction in deep sleep (Gundel et al., 1997; Dijk et al., 2001). This is in accordance with astronauts specifically complaining about impaired refreshment post-sleep (Dijk et al., 2001) as deep sleep is vital for recovery. The reduction in sleep duration also results in increased susceptibility to stress while physical exhaustion rises due to the impaired sleep quality (Dinges et al., 2013). All these factors combined ultimately result in a higher risk of misconception and errors. Additionally, sleep disturbance is a main reason for medication intake in space (Barger et al., 2014). The effects of these medications – for example sleepiness – can last for several hours. This, again, places the astronauts at higher risk during work periods. The described reasons for inefficient sleep and their possible impact on astronauts’ performance necessitate a better understanding of sleep during microgravity as well as during ground-based bed rest studies as a simulation of microgravity.

To the best of our knowledge, it had not been considered that alterations in intracranial fluid regulation, clearance of metabolites and sleep performance can impact each other negatively at −12° HDT. However, based on the alterations above, it seems quite possible. There are two studies reporting a reduction in deep sleep (stage 4 according to Rechtschaffen and Kales) as well as increased arousal frequency during experimental −6° HDT bed rest (Mizuno et al., 2005; Komada et al., 2006) that lasted for 3 days. Both studies used a counterbalanced design with the subjects staying in horizontal position at another session. Gkivogkli et al. (2016) assessed sleep parameters repeatedly during a 50 days −6° bed rest study. Subjects were randomly assigned to two groups. In contrast to the control group, the training group performed reactive sledge jumping three to four times a week. The preliminary results published in the abstract for the SAN2016 Meeting suggest an increase in N1 sleep stage, and a decrease in the total sleep time, N2, N3, and REM sleep stage in the control group between baseline and 21 days of −6° HDT. In the training group N1 and N3 sleep stage seem to increase, N2 sleep stage decreases, while duration REM sleep stage does not change on the 21st day of −6° HDT compared to baseline. Meck et al. (2009) reported that about half of their subjects complained about impaired sleeping, especially in the first week of their 90 day head down bed rest, but also before starting the bed rest. This is in accordance with results from a study conducted by DeRoshia and Greenleaf (1993). Subjects’ subjective sleep quality improved after finishing the 30 days −6° bed rest. However, HDT-effects in the last three bed rest studies were assessed longitudinally, and may thus have been confounded with effects of isolation or lack of exercise. Yet, evaluation of objective sleep parameters is not done in most studies.

Therefore, we decided to study the short-term effects of HDT on sleep using the current guidelines of the American Academy of Sleep Medicine (AASM). As our interest was based on postulated effects of intracranial fluid regulation upon metabolic clearance, we decided to limit the exposure to HDT to one night only. We hypothesized that HDT will negatively affect sleep performance. We deliberately used −12° HDT rather than −6° HDT as −12° HDT has shown to be more efficient when measuring possible correlation between intracranial fluid systems (Marshall-Goebel et al., 2016; Kramer et al., 2017).



MATERIALS AND METHODS

Subjects

The study has been registered at clinicaltrials.gov (identifier NCT 02976168). It conformed to the declaration of Helsinki and had been approved by the ethics committee of the regional medical board (Ärztekammer Nordrhein). All subjects gave written informed consent in accordance with the Declaration of Helsinki. The IPCog Study (Intracranial Pressure and brain function: effects of HDT upon brain perfusion and cognitive performance) was conducted at the :envihab, German Aerospace Centre (DLR), Cologne, Germany. Thirteen male subjects were recruited for the study. Volunteers’ physical and psychological health was confirmed with questionnaires and medical examination. Exclusion criteria comprised among others a history of sleeping disorders, gastro-esophageal reflux, hiatus hernia, abuse of alcohol, medication or drugs and smoking within a period of 6 months prior to the study (Table 1). One week prior to the study onwards, subjects did not consume any caffeine. Two out of the thirteen subjects dropped out after their inclusion. One had to leave during data collection because of family issues, and the other reported gastro-esophageal reflux and vomiting during the −12° HDT night. This made it impossible to stay in HDT position. The 11 subjects finishing the study had a age of 30 years ± 10.2 years, a height of 179.82 cm ± 6.6 cm and a weight of 79.82 kg ± 7.3 kg, mean ± SD.

TABLE 1. Exclusion criteria.
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Study Design and Conduction

Polysomnographic recordings were one of the secondary outcome measures of the IPCog study, with the aim to substantiate any detrimental effects of sleeping in −12° HDT position. Primary outcome was the result of the cognitive test battery. The study was carried out in a cross-over design from March 2016 to November 2016, totaling 10 campaigns. Each campaign consisted of 3 days and, therefore, two nights (Figure 1). The interventional phase started on the second campaign day, lasting for approximately 21 h. Subjects spent the whole interventional phase either lying in horizontal position or at −12° HDT.
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FIGURE 1. Campaign overview. Each subject participated in two campaigns, once staying in horizontal posture and once being tilted to −12° HDT. Between these two campaigns there was about a week’s time. Measurement blocks were carried out on both interventional days comprising five measurements. BDC, Baseline data collection; MB, Measurement block; NIRS, Near-infrared spectroscopy; TCD, Transcranial Doppler ultrasound of the mid-cerebral artery; CTB, cognitive test battery; MRI, (functional) magnetic resonance imaging; US, ultrasound of the jugular vein and facial thickness.



During the first night subjects slept in horizontal posture. The second night belonged to the interventional period. Therefore, subjects slept either at −12° HDT as experimental condition or horizontally as control condition. All subjects participated in both campaigns with approximately a week’s time period in between.

Subjects participated in groups of three or two subjects. Each of them slept in their own room which was the same for both campaigns. To maintain −12° HDT and 0°, respectively, subjects did not use pillows.

The polysomnographic device was applied during both nights of each campaign. Lights on and off times were fixed beforehand and arranged stepwise for the subjects participating in the same campaign (21:45–06:00, 22:00–06:30, 22:30–07:15). Stepwise arrangement and the minor difference in lights-off time were due to the arrangement of daytime measurements. Otherwise it would not have been possible to perform two measurement blocks on the second campaign day. To record any aberration from the predefined sleeping times, subjects were asked to set a marker when the light was turned off. Subjects were not allowed to sleep outside those predefined sleeping times.

While sleeping at −12° HDT, special mattress pads were used to prevent sliding headwards. Belts were provided to facilitate the subjects pulling themselves up toward feet direction. An additional belt was provided offering the subjects the possibility to fix their feet and, thus, prevent sliding. This was done to minimize any effects on sleeping due to sliding. Additionally, subjects suffering from back pain during −12° HDT were offered a painkiller (Ibuprofen 400 mg) upon request and under medical supervision. Out of all, only subject 0E and 0F were given one tablet each before going to sleep at −12° HDT.

Whether subjects stayed in horizontal or −12° HDT position first was randomized directly before the start of the interventional phase in the afternoon of the campaign’s second day. Randomization was done according to even and uneven numbers of a dice throw. To ensure a balanced assignment a maximum two out of three subjects participating in the same campaign could potentially start at −12° HDT. If the group comprised of two subjects, only one of them was tilted to −12° HDT during the first campaign. Randomization was performed by scientific staff members.

Six of the eleven subjects were tilted to −12° HDT during the first campaign and remained in horizontal posture during the second. Five of them started in horizontal position during the first campaign and stayed at −12° HDT during the second campaign.

Data Acquisition

Polysomnographic data were recorded with two portable SOMNOscreen Plus devices (SOMNOmedics, Randersacker, Germany) and with one SOMNOscreen device (SOMNOmedics, Randersacker, Germany). Subjects were tested with the same device type during both interventional phases. Recordings included electroencephalography (EEG), electrooculography (EOG), electrocardiography (ECG), submental electromyography (EMG), peripheral oxygen saturation at finger level, as well as abdominal and thoracic belts to assess breathing movement. With the SOMNOscreen Plus devices, EEG electrodes were placed at positions O1, O2, C3, C4, F3, and F4 according to the international 10–20 System and at O1, C3, C4, and F3 positions with the SOMNOscreen device. Additional electrodes were placed at the mastoids on both sides, ground and reference position in all devices. Cup electrodes by Ambu (Ambu Neuroline Cup, Bad Nauheim, Germany) were used and fixed with EC2 electrode cream by Grass. To further ensure sufficient adhesion of the electrodes small pieces of compresses (Gazin Mullkompressen, Lohmann and Rauscher, Rengsdorf/Neuwied, Germany) were used to fixate the electrodes. For the submental derivations and on other positions where applicable, adhesive electrodes by Ambu (Ambu Neuroline 720, Bad Nauheim, Germany) were used. During the entire study, electrodes were positioned by the same operator. Before attaching the electrodes the skin was prepared with Nuprep skin Prep Gel (Weaver and Company, Aurora, United States) and cleaned with alcoholic disinfectant. This was done to lower skin impedance in order to improve EEG signal strength. An impedance of less than 10 kΩ (calibrated against the mastoid electrodes) was considered to be sufficient.

During the cognitive test battery conducted on the morning of the second and third day subjective sleep quality and subjective refreshment were assessed by using a scale from one to nine. These scales were devised by the scientific team. In both scales, nine represented the best quality of sleeping and resting, respectively. The subjects also indicated their sleep duration by stating their assumed sleeping hours.

Effects of body position on the venous system were assessed during measurement blocks on the second and third campaign day. Frontal tissues thickness was obtained as a surrogate parameter for potential fluid shifts toward the head in general. Measurements were always in the second time slot of each measurement block. Therefore, measurements during the first and third measurement block were performed at the same time of the day. This allowed accounting for potential daytime-dependent effects when comparing measurements of the same campaign.

Data was obtained by B-mode ultrasound using a myLab 25 scanner with a linear 8–10 MHz probe (Esaote, Milan, Italy). The same operator performed the measurement throughout the study. Tissue thickness was assessed on both sides of the front. For each side three measurements during each measurement block were performed. Minimum and maximum cross-sectional areas of the internal and external jugular veins were assessed on both sides. The probe positions were marked on the subject’s skin in measurement block 1 for subsequent measurements of the campaign.

Assessment of cranial perfusion included transcranial Doppler ultrasound (TCD), near infrared spectroscopy (NIRS), MRI measurements and a cognitive test battery. TCD and NIRS measurements were assessed simultaneously. Each assessment lasted for at 20 min. Measurements during the first measurement block also included the tilting process: NIRS and TCD assessment was performed for 20 min in horizontal position. The subjects were the tilted during the measurement and data acquisition then continued for further 20 min. MRI measurements were carried out using a special wedge to maintain −12° HDT position. MRI sequences comprised of functional MRI [echo planar imaging – blood oxygenation level dependent (BOLD)], T1 weighed magnetization prepared rapid gradient echo (MPRAGE), pulsed arterial spin level (pASL) with an inversion time (TI) of 1800 ms and phase contrast (PC) imaging. A cognitive test battery was used to assess executive functions, psychomotor vigilance, reaction time, logic, working memory and continuous performance. Analysis is currently ongoing.

Data Processing and Analysis

The manual EEG analysis met the criteria of the AASM. After having applied an ECG filter, each night’s sleep was analyzed in intervals of 30 s classifying them as either sleep stages N1–N3 and REM or awake according to the rules of the AASM (Iber et al., 2007). Additionally, we assessed sleep onset latency, changes of sleep states and sleep efficiency (percentage of sleeping time of in bed time). We used the DOMINO Software (Version 2.7.0, 07.09.2015) by SOMNOmedics (SOMNOmedics, Randersacker, Germany). The channels used were EOG, EEG and submental EMG. Each of the EEG signals was derivated against the signal of the mastoid (M1, M2) electrodes on the opposite side (O1:M2, O2:M1, C3:M2, C4:M1, F3:M2, F4:M1). Where possible, the EEG signals from the left side were used for analysis. Therefore the electrode positions O1, C3, C4, and F3 were used with the SOMNOscreen device. AASM criteria for arousals were applied.

Total sleep time was used, rather than the time in bed, to prevent confounding influences by lights on/off periods. The polysomnographies were all analyzed by the same operator to avoid any interpersonal difference in the analysis. The operator was a scientific staff member of the study and, therefore, not blinded.

Analysis of peripheral tissue oxygenation at the index or middle finger included the mean oxygenation, minimum oxygenation and the time peripheral tissue oxygenation was below 90% as given by the DOMINO Software after the automatic exclusion of artifacts. Abdominal and thoracic belts often shifted out of place due to the subjects’ sliding toward head direction. Therefore, an adequate analysis of breathing movement was not possible.

Whilst the polysomnographic devices were applied during the first night for habituation purposes they were not analyzed. This was done to reduce any influences of the first-night effect on the actual experimental night. Therefore, only the second night was statistically analyzed. Likewise, subjective sleep quality was evaluated solely for the experimental night.

The mean of the three measurements performed during one session on one side was used for analysis of frontal tissue thickness. Variation in jugular vein diameter was determined by substracting the minimum diameter of each vein from its maximum diameter.

Due to technical issues, ultrasonic measurements of subject R and S could not be performed. Therefore, they were not included in the statistical analysis.

Data analysis was based on the per protocol approach, therefore excluding the two drop-outs mentioned beforehand. Defining the experimental condition (0° or −12° HDT) as fixed effect and subjects as random effects, linear mixed models were applied. Additionally, the models were checked for non-normal distribution of residuals and heteroscedacity. Box-cox transformations were used when needed. The level of significance was set at P = 0.05. R Studio (Version 1.0.136, R Studio) was used to carry out the statistical analysis, hereby using the lme-function to create the linear mixed models. Because of the small sample size Hedge’s g was used to calculate the effect size rather than Cohen’s d.



RESULTS

A significant increase (P = 0.002, g = 1.078) of the percentage of light sleep (N1 + N2) of the total sleep time could be detected during −12° HDT (59.9% ± 7.2%) in comparison with 0° (50.9% ± 9.4%). The fraction increased in 10 out of the 11 subjects, the maximum rise being 21.6%. One of the subjects (0J) showed a slight decrease of the light sleep (-3.1%) during the −12° HDT night.

There was a significant decrease in percentage of slow wave sleep (N3) (P = 0.002, g = -0.898) from the 0° night (25.4% ± 6.4%) to the −12° HDT night (20.2% ± 5.2%). This decrease ranged between 1.4 and 12.7% in 10 subjects, while the amount of N3 remained the same (17.9%) in the last subject (0E) during both nights.

There was a significant decrease (P = 0.035, g = -0.634) in the percentage of REM sleep of the total sleep time when comparing the night in horizontal position (23.7% ± 6.3%) to −12° HDT (19.9% ± 5.7%). The extent of the decline varied between 1.5 and 9.7%. 2 Subjects (0J, 0N) showed an increase in the amount of REM sleep during −12° HDT (Figure 2).
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FIGURE 2. Sleep stages. Percentage of slow wave sleep (20.2% ± 5.2% vs. 25. 4% ± 6.4%) and REM sleep (19.9% ± 5.7% vs. 23.7% ± 6.3%) were reduced during the −12° HDT night. Percentage of light sleep increased (59.9% ± 7.2% vs. 50.9% ± 9.4%) when compared to horizontal position. HDT, Head down tilt.



The mean time period for each of the sleep stages can be seen in Table 2. There were no significant differences between 0° position and −12° HDT position.

TABLE 2. Objective sleep parameters.
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Sleep efficiency was not significantly different (P = 0.48) between the −12° HDT night (80.1% ± 9.6%) compared to that spend in 0° (82.4% ± 14.7%).

Total sleep time was not significantly affected (P = 0.44) by −12° HDT (410.4 min ± 55 min vs. 422 min ± 79.1 min at 0°). There was no significant difference in sleep onset latency (P = 0.30). Both, maximum (110 min) and minimum (2.0 min) onset latency occurred during the night subjects stayed in horizontal posture. However, when excluding the subject with the maximum sleep onset latency, the latency is significantly prolonged at −12° HDT. We found no significant difference in the number of sleep state changes when comparing the two experimental conditions (−12°: 128.1 ± 37.3; 0°: 119 ± 33.2; P = 0.19).

The mean peripheral tissue oxygenation at finger level remained unchanged (94.5%) during both nights with standard variation only differing slightly (2.8% vs. 2.9%). The lowest basal oxygenation of 88% was measured during −12° HDT. There was no significant change in minimum oxygenation detectable (−12°: 85.9% ± 6.8%; 0°:83.6% ± 11%; P = 0.41). The percentage of the mean time with the peripheral tissue oxygenation being lower than 90% showed no significant difference (P = 0.95) (Table 3).

TABLE 3. Measurement of peripheral oxygen saturation at finger level.
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There was a significant decrease (P = 0.047, g = −0.968) in subjective sleep quality during the −12° HDT night (4.8 ± 1.5) when compared to the 0° night (6.1 ± 1.1). However, subjective sleep duration did not differ significantly between the experimental conditions (−12°: 5.3 ± 1.8 h; 0°: 6.4 ± 1.4 h; P = 0.10). The subjective feeling of refreshment showed no significant difference (P = 0.09) between the −12° HDT night (5.6 ± 1.8) and the night spend in horizontal position (6.3 ± 1.3) (Table 4).

TABLE 4. Subjective sleep parameters.
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In comparison to the baseline data collected during measurement block 1 of each campaign frontal tissue thickness did not differ significantly on the first (P = 0.077) and the second interventional day (P = 0.811) at −12° HDT (Table 5). Frontal tissue thickness of the left and right side were differing (P = 0.009). There was no difference between conditions over time (P = 0.116).

TABLE 5. Jugular vein diameters and frontal tissue thickness.
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The maximum cross-sectional area of the internal jugular vein increased significantly at −12° HDT on interventional day 1 (1.46 cm2 ± 0.66 cm2, P = 0.004) and day 2 (−12° HDT: 1.41 cm2 ± 0.66 cm2, P = 0.002) when compared to the baseline data collection (0.87 cm2 ± 0.54 cm2). No difference could be detected when comparing the left and right side (P = 0.161). The minimal cross-sectional area of the internal jugular vein was also significantly different between interventional condition (−12° HDT day1: 1.31 cm2 ± 0.64 cm2, day 2: 1.18 cm2 ± 0.62 cm2) and baseline data (0.65 cm2 ± 0.52 cm2) on both interventional days (P = 0.009, P < 0.001, respectively). It did not differ between both sides over time (P = 0.369). The variation of the cross-sectional area of the internal jugular vein was different when comparing both sides (P = 0.003). It did not differ significantly between both conditions (P = 0.686).

The maximum cross-sectional of the external jugular vein was not significantly different with condition over time (P = 0.415), between the HDT- and control group (P = 0.128) and between sides (P = 0.271). However, the minimal cross-sectional area of the external jugular vein did differ between the conditions over time (P = 0.001). There was no significant difference between both sides over time (P = 0.980).



DISCUSSION

The percentage of slow wave sleep (N3) and REM sleep significantly decreased during −12° HDT, thereby resulting in a compensating significant increase of light sleep (N1/2). The subjective sleep quality was significantly lower when sleeping in HDT. These results are consistent with recent findings (Mizuno et al., 2005; Komada et al., 2006).

Despite these changes in sleep, the respective percentages of the sleep stages still are within the normal range for young adults (Carskadon and Dement, 2005) – although at the ends. This might be due to the subjects’ ages ranging between 21 and 55 years. This and the fact that the number of sleep stage changes remained similar during both positions suggest normal sleep architecture. Mizuno et al. (2005) drew the same conclusion at −6° HDT.

Minimum and maximum cross-sectional area of the internal jugular vein increased significantly at −12° HDT. The minimum cross-sectional area of the external jugular vein was significantly larger at −12° HDT compared to horizontal posture. Both findings indicate venous congestion at −12° HDT.

Frontal skin tissue thickness did not increase significantly during both interventional days at −12° HDT.

We had hypothesized that HDT induced changes on cerebral hemodynamics (Marshall-Goebel et al., 2016) would affect metabolic clearance and sleep. These changes in sleep might influence the transport capability of the “glymphatic” as this transport predominantly takes place during sleep (Xie et al., 2013) resulting in a reciprocal relation.

Dreha-Kulaczewski et al. (2017) showed that venous flow is a major driver for cerebrospinal fluid (CSF) circulation with both systems having opposed flow directions. Therefore, venous congestion as assessed in our study most likely results in a decreased flow of CSF into the cranium. This might directly affect metabolic clearance via CSF circulation.

Although we were not able to analyze the data of the thoracic and abdominal belts, respiration is likely to be affected by HDT: Negative thoracic pressure during inspiration is a main driver for CSF circulation (Dreha-Kulaczewski et al., 2015) as it results in a venous flow out of the cranium. Thereby, CSF flows toward the cranium. Therefore, a potential underlying cause of the increased venous congestion we observed is a change in respiration.

Respiratory obstruction may play a role in sleeping at −12° HDT. Resistance in the upper airway is associated with the lung volume (Begle et al., 1990; Stanchina et al., 2003). During HDT, lung volume decreases due to the shift of abdominal organs toward the head. This possibly results in an increased airflow resistance. The data of the abdominal and thoracic belts could not be evaluated efficiently and no difference was detected for continuous measurements of peripheral oxygen saturation. Therefore, a definite conclusion cannot be drawn.

The resulting effects of the decrease in cranial perfusion (Marshall-Goebel et al., 2016) and increased venous congestion at HDT might be similar albeit not identical to those in chronic heart failure. Chronic heart failure has a strong correlation to the obstructive sleep apnea syndrome. Although the reason for this is multifactorial one cause is possibly the fluid increase in the pharynx (Bradley and Floras, 2003).

This might also be one cause for impaired sleeping at HDT. Due to this shift, fluid also accumulates in the upper airways. The subjects were young, healthy males and the obstruction might not be as severe as in patients suffering from chronic heart failure. Thus, the full disease pattern of obstructive sleep apnea syndrome is not displayed.

In patients suffering from chronic heart failure, the retention of CSF within the cranial cavity might be the cause for cognitive impairment similar to that of idiopathic intracranial hypertension patients (Caplan, 2006). Assumed pathophysiologies for idiopathic intracranial hypertension include an increased outflow resistance of CSF (McGeeney and Friedman, 2014). Additionally, sleep apnea syndrome is related to idiopathic intracranial hypertension (Biousse et al., 2012; McGeeney and Friedman, 2014). Yet, it remains unclear whether it may be one of the causes or the result of the disease. The interactions of arterial, venous and CSF systems described above in addition with respiratory changes might be a possible approach.

With regards to obstruction, the individual build has to be taken into account. Fat distribution is an important risk factor for obstructive sleep apnea syndrome (Horner et al., 1989; Shinohara et al., 1997). Yuan et al. could show a correlation between neck circumference and pharynx collapsibility (Yuan et al., 2013) in adolescents. All our subjects’ BMIs were within the normal range but minor influences of individual body fat distribution cannot be completely ruled out.

The change of sleep stages observed in our study could also be explained by a raised level of physiological stress hormones during HDT as Norepinephrine is one of the transmitters influencing REM sleep stage (McCarley and Hobson, 1975; Winokur et al., 2001). Although, Rai and Kaur (2011). found that said increase in stress hormones took place only after the first week of bed rest, subjects were only positioned at −6° HDT. −12° HDT might lead to a quicker response of the stress system.

Mood, especially an increase in depression, plays a major role during HDT bed rest studies (Styf et al., 2001; Pavy-Le Traon et al., 2007) – even though not always reaching clinically significant level (Liu et al., 2012). As depression and sleep influence each other mutually (Kaneita et al., 2006), this has to be taken into account. However, −12° HDT was applied for less than 24 h and depressive disorders were an exclusion criterion. Liu et al. found no significant changes in anxiety level at −6° HDT (Liu et al., 2012) rendering altered mood an unlikely confounder of sleep (Rosa et al., 1983).

Gundel et al. observed a change in circadian rhythm of astronauts (Gundel et al., 1997) assessed by measuring the body temperature. During bed rest studies these changes generally occur at a later time (Pavy-Le Traon et al., 2007). Therefore, this factor did most likely not affect sleep in our study.

Whereas the subjective feeling of refreshment and estimated sleep duration were not influenced by the body position, subjective sleep quality was significant lower at −12° HDT which might be explained by the significant reduction of slow wave sleep (N3). Both slow wave sleep and sleep efficiency affect subjective sleep quality (Keklund and Akerstedt, 1997). Yet, when comparing subjective with objective sleep quality the results remain inconsistent (Akerstedt et al., 1994).

One limitation of our study regarding sleep was the issue of sliding at −12° HDT. Despite applying several countermeasures, subjects still described wakening because of reaching the head-end of the bed. This impedes the distinction between the effects of HDT itself and those of the sliding on the sleep behavior. The issue of sliding might also have contributed to deterioration in subjective comfort.

The study was designed to diminish any impact of the first night effect. A recent finding indicates REM sleep might even be influenced up to four nights (Le Bon et al., 2001). This might have affected our measurements. However, the counterbalanced design of the study should have reduced the possible impact on sleep.

Before sleeping, two subjects were given painkillers. Although none of the subjects woke up due to pain, the general increase in back pain, stomach pain and headache during bed rest (Styf et al., 2001) might still have influenced their sleeping. Apart from that, several subjects described a feeling of distention in their upper abdomen during −12° HDT contributing to general discomfort. Ibuprofen could affect sleep (Murphy et al., 1994) via inhibition of prostaglandin synthesis and the consequential change in body temperature and melatonin synthesis (Murphy et al., 1996). Yet, these results could not be confirmed (Gengo, 2006).

As with every bed rest study, there remains the question to what extent results are valid for actual space missions. With the observations being generally applicable this comparison might still be impeded due to surrounding circumstances during spaceflight, such as noise and mission parameters (Monk et al., 1998; Mallis and DeRoshia, 2005).

Overall, we could confirm previous findings from bed rest studies regarding sleep stage changes and sleep architecture. We also hypothesized that interrelations between the cranial perfusion systems and metabolic clearance would be a possible explanation for the poorer sleep behavior at −12° HDT. All in all, a better understanding of sleep and its relation to the intracranial fluid system is not only relevant for future space missions but might also have implications for clinical medicine.
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Vestibular signals, which encode head movement in space as well as orientation relative to gravity, contribute to the ongoing muscle activity required to stand. The strength of this vestibular contribution changes with the presence and quality of sensory cues of balance. Here we investigate whether the vestibular drive for standing balance also depends on different sensory cues of gravity by examining vestibular-evoked muscle responses when independently varying load and gravity conditions. Standing subjects were braced by a backboard structure that limited whole-body sway to the sagittal plane while load and vestibular cues of gravity were manipulated by: (a) loading the body downward at 1.5 and 2 times body weight (i.e., load cues), and/or (b) exposing subjects to brief periods (20 s) of micro- (<0.05 g) and hyper-gravity (∼1.8 g) during parabolic flights (i.e., vestibular cues). A stochastic electrical vestibular stimulus (0–25 Hz) delivered during these tasks evoked a vestibular-error signal and corrective muscles responses that were used to assess the vestibular drive to standing balance. With additional load, the magnitude of the vestibular-evoked muscle responses progressively increased, however, when these responses were normalized by the ongoing muscle activity, they decreased and plateaued at 1.5 times body weight. This demonstrates that the increased muscle activity necessary to stand with additional load is accompanied a proportionally smaller increase in vestibular input. This reduction in the relative vestibular contribution to balance was also observed when we varied the vestibular cues of gravity, but only during an absence (<0.05 g) and not an excess (∼1.8 g) of gravity when compared to conditions with normal 1 g gravity signals and equivalent load signals. Despite these changes, vestibular-evoked responses were observed in all conditions, indicating that vestibular cues of balance contribute to upright standing even in the near absence of a vestibular signal of gravity (i.e., micro-gravity). Overall, these experiments provide evidence that both load and vestibular cues of gravity influence the vestibular signal processing for the control of standing balance.

Keywords: gravity, vestibular system, balance control, electrical vestibular stimulation, vestibular-evoked responses


INTRODUCTION

Whenever we stand, the downward pull of gravity requires that we make continuous motor corrections to remain upright. Critical to this process is the ability to accurately estimate our orientation relative to gravity. The sensory cues that inform the brain about gravity, in the absence of vision, are derived primarily from the somatosensory and vestibular systems (see Dakin and Rosenberg, 2018 for a review). The somatosensory system encodes the gravitational load (i.e., forces) throughout the body within the local reference frame of the support surface, whereas the vestibular system’s otolith organs, together with the semicircular canal organs, encode head orientation within a fixed gravito-inertial reference frame. These sensory signals shape the corrective motor commands that maintain balance such that any change they undergo has an influence on the postural responses necessary to stand. For example, changes in body load (i.e., added or deducted weight) alters vestibular-evoked postural responses, whereby force rate production increases with loading and decreases with unloading (Marsden et al., 2003). Similar effects can also be observed when subjects take on asymmetric standing postures (Marsden et al., 2002), suggesting that load-related afferent feedback of gravity influences the processing of vestibular signals for the control of balance (Marsden et al., 2003).

Otolith-driven cues of gravity, in contrast to load-cues, appear to influence vestibulospinal reflexes only after prolonged (>24 h) exposures to changes in gravity. For example, in astronauts exposed to vertical drops on the first day of space flight, otolith-modulated motoneuron sensitivities (i.e., H-reflexes evoked during the drop) are analogous to levels tested pre-flight, but are almost absent after 7 days of space flight (Reschke et al., 1984, 1986). This change in otolith-driven motoneuron sensitivity suggests that the adaptation of vestibulospinal reflexes to changes in otolith cues of gravity may occur over longer periods than those observed for load cues of gravity during standing (Marsden et al., 2002, 2003). Vestibulospinal reflexes evoked by the drop conditions, however, arise from the otolith activity produced by the linear acceleration during freefall in absence of any requirement to stand. Therefore, these results may not be generalizable to the compensatory responses arising from the vestibular system during standing balance. Indeed, recent work has proposed that the characteristics of vestibular-evoked muscle corrections when standing reflect highly flexible responses centrally organized to compensate for vestibular disturbances (Britton et al., 1993; Fitzpatrick et al., 1994; Luu et al., 2012; Forbes et al., 2016). For instance, vestibular-induced lower-limb muscle responses during balance occur ∼30 ms later than those evoked by cortex stimulation (Britton et al., 1993; Dakin et al., 2016), even though the pathways conveying each signal have comparable conduction velocities. More notably, when standing subjects are restricted to balance in a single plane, vestibular-evoked muscle responses are greatest when the direction of a vestibular disturbance is aligned with the balance direction, and decrease to zero when the two directions become orthogonal (Forbes et al., 2016). This indicates that muscles compensate only for the component of the vestibular disturbance that is aligned with the balance direction, and not to the net vestibular activity that would be expected for vestibulospinal reflexes such as those produced during freefall. Therefore, we performed experiments to assess whether changes in otolith-driven signals of gravity – analogous to load cues of gravity – also modify the vestibular-evoked muscles responses for standing balance.

We used electrical vestibular stimulation (EVS) to evaluate the effects of varying load and vestibular cues of gravity on the corrective muscle responses required to stand. Electrical current applied to the mastoid processes distorts the firing rate of canal and otolith vestibular afferents (Kim and Curthoys, 2004; Kwan et al., 2019), and in a bilateral-bipolar configuration increases afferent activity on the side of the cathode and decreases afferent activity on the side of the anode (Goldberg et al., 1984; Kim et al., 2011; Kwan et al., 2019). The net sum of the afferent activity induces an isolated virtual signal of head rotation that is fixed in head coordinates (Fitzpatrick and Day, 2004; Day and Fitzpatrick, 2005; Peters et al., 2015) and is interpreted by the CNS as an unexpected vestibular disturbance. When standing, this vestibular disturbance evokes stereotypical muscle and whole-body postural corrections to maintain upright balance (Nashner and Wolfson, 1974; Lund and Broberg, 1983; Fitzpatrick et al., 1994; Dakin et al., 2007; Mian and Day, 2014; Forbes et al., 2016). Using this electrical stimulus, we performed experiments on ground and in parabolic flights to independently modulate load- and vestibular-related cues of gravity for balance. Load-related cues of gravity from the somatosensory system (i.e., cutaneous, proprioception) were modulated by loading subjects with 1.5 and 2 times their body weight using springs attached to the floor while subjects stood in 1 g gravitational conditions. Vestibular-related cues of gravity from the otolith end organs were then modulated by having subjects stand in micro-gravity (<0.05 g) and hyper-gravity (1.8 g) conditions while maintaining equivalent load cues via the springs. We found that the relative contribution of vestibular input to the corrective muscle responses was largest when subjects stood with normal 1 g related load and vestibular cues of gravity, and decreased when these cues were modulated. Specifically, with increased load cues of gravity, the relative vestibular-evoked responses decreased but remained constant when the load exceeded 1.5 times the body weight. Furthermore, responses decreased with modified vestibular cues of gravity, however, this effect was only observed in the absence (i.e., micro-g) and not the excess (i.e., hyper-g) of gravity. Despite these reductions, vestibular-evoked responses were observed in all conditions, indicating that vestibular contributions to balance are maintained even in the near absence of a vestibular signal of gravity (i.e., micro-gravity). Overall, these experiments provide evidence that both load and vestibular cues of gravity influence the vestibular signal processing for the control of standing balance.



MATERIALS AND METHODS

Subjects

Twenty-one healthy subjects (Experiment 1: 16 subjects, mean age ± SD = 24 ± 4.2 years, mean height ± SD = 176 ± 7.1 cm, mean weight ± SD = 68 ± 7.7 kg, 10 men; Experiment 2: 6 subjects, mean age ± SD = 38 ± 8.3 years, mean height ± SD = 173 ± 9.4 cm, mean weight ± SD = 76 ± 9.7 kg, 5 men) with no known history of neurological disease or injury participated in this study. Subjects that participated in Experiment 2 completed both a training session under normal gravity conditions (Experiment 2A) and a flight session under variable gravity conditions (Experiment 2B) in the airplane. One subject participated in both Experiment 1 and Experiment 2. Experiment 1 was approved by the Medical Research Ethics Committee Erasmus MC and Experiment 2 by the University of Caen’s Ethics Committee. The experiments were conducted in accordance with the Declaration of Helsinki. All subjects gave their written informed consent prior to participation.

Experimental Set-Up

Two separate experiments were performed to study the effects of load and vestibular cues of gravity on the vestibular-evoked muscle responses. Experiment 1 assessed the influence of load cues of gravity under a constant gravitational level of 1 g. Experiment 2 assessed the influence of vestibular (otolith) cues of gravity under constant load levels of ∼1 and 2 times body weight. For both experiments, subjects maintained upright balance while being exposed to the stochastic EVS signal (see “Vestibular Stimuli”). In both experiments, subjects stood barefoot on a force plate (BP400600HF; AMTI, Watertown, MA, United States) with their feet 5 cm apart and their body secured to a backboard structure positioned immediately behind them (Figure 1). The backboard structure was used to eliminate any stabilizing effect of the subject loading system in the mediolateral direction (i.e., the downward pull of the springs, see below). The weight of the backboard structure was 10 kg with the center of mass at a height of ∼0.7 m. The backboard structure was supported by two bearings, such that the mass of the backboard only increased the subjects’ inertia by ∼6.5%. The backboard’s axis of rotation was fixed at a height of 7.5 cm above the top surface of the force plate and passed through the approximate location of the ankle joints (Huryn et al., 2010). As a result, whole-body sway was limited to the sagittal plane only. This pivoting direction corresponds with the direction of EVS-evoked whole-body sway responses when the head is turned over the shoulder (Lund and Broberg, 1983; Britton et al., 1993; Fitzpatrick et al., 1994). Angular limits of 10° anterior and 6° posterior from vertical prevented the subjects from falling forward or backward, respectively. Seatbelts across the chest and waist secured the subjects to the backboard. A laser distance sensor (optoNCDT-1401; Micro-Epsilon, Orteburg, Germany) attached to the backboard was used to record whole-body sway angle.
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FIGURE 1. Experimental setup. The subject stood on a force plate and was strapped to a backboard setup that rotated in the sagittal plane about an axis that passed through the subject’s ankles. End stops functioned as angular limits to prevent the subject and backboard system from falling forward or backward. The subject remained upright in a slightly forward whole-body sway angle with normal 1 g body load or with added load. Raw data of the vestibular stimulus, ankle torque, whole-body sway angle and EMG activity of the right medial gastrocnemius are shown during a trial of Experiment 1 in the 1F (A) and 2F conditions (B).



To control the vertical loading forces under varying gravitational levels (see section “Experiment 1” and “Experiment 2”), subjects wore a subject loading system to provide additional vertical load. The subject loading system consisted of a body-harness (German Aerospace Center (DLR), Cologne, Germany) and four springs. The body-harness was secured over the subject’s shoulders and tightened at the waist. The springs were attached to both sides (two springs on each side) of the body-harness using straps located at the height of the hips (i.e., at the subject’s approximate center of mass) and to a low-friction rail-trolley system secured to the floor. This rail-trolley system ensured that ground attachment of the springs moved with the center of mass of the subject such that the springs were always pulling vertically downward. This way, the intrinsic dynamics of the subject (i.e., the load-stiffness relationship) would match conditions appropriate for each load and gravitational level.

Vestibular Stimuli

Stochastic electrical vestibular stimulation was delivered to the subjects in a bilateral bipolar electrode configuration via carbon rubber electrodes (∼15 cm2). The electrodes were coated with Spectra360 electrode gel (Parker Laboratories, Fairfield, NJ, United States) and secured over the mastoid processes with tape and an elastic headband. The skin over the mastoid processes was anesthetized with Pliaglis cream [lidocaine and tetracaine] (Galderma, Lausanne, Switzerland) to minimize cutaneous sensations under the electrodes. The stimuli were generated on a laptop with custom MATLAB software (MathWorks, Natick, MA, United States) and were sent to an isolated bipolar current stimulator (DS5; Digitimer, Hertfordshire, United Kingdom) via a data acquisition board (USB-6259; National Instruments, Austin, TX, United States). For both experiments, the electrical stimuli were designed as bandwidth limited stochastic signals (0–25 Hz, zero-mean low-pass filtered white noise, 25 Hz cutoff, zero lag, third-order Butterworth) with a peak amplitude of 5 mA [root mean square (RMS) of ∼1.7 mA]. The frequencies (0–25 Hz) contained in our electrical stimuli capture the entire bandwidth of vestibular-evoked muscle activity contributing to postural corrections (Dakin et al., 2007, 2010, 2011). This allowed us to provide a detailed assessment of any changes in vestibular contributions across conditions. In Experiment 1, a stimulus of 40 s was repeated four times in each condition (see section “Experimental protocol”; “Experiment 1”). In Experiment 2, a stimulus of 20 s was used to fit within the different gravitational phases of the parabola (see section “Experimental protocol”; “Experiment 2”) and repeated seven or eight times in each condition.

Experimental Protocol

Prior to each experiment, a target whole-body sway angle was defined for each subject. This angle was 3° forward from their subjective zero angle; i.e., the position that subjects perceived as requiring minimal effort to stand upright. For each trial, subjects were instructed to stand upright, lean forward to their target sway angle, cross their arms over their chest, and rotate their head axially to the left (i.e., leftward yaw). The head was also rotated in extension such that the Reid plane was tilted up by 18° horizontally. This head position maximizes the postural responses to binaural bipolar EVS in the anterior-posterior direction along the line of action of the right medial gastrocnemius and soleus muscles due to the well-established orientation of the EVS vector (Lund and Broberg, 1983; Fitzpatrick and Day, 2004; Cathers et al., 2005; Day and Fitzpatrick, 2005) produced by the activation of all vestibular afferents (Kwan et al., 2019). Symmetry of otolith afferents across the striola of the utricle (Tribukait and Rosenhall, 2001) is estimated to result in the cancelation of an otolithic signal during electrical stimulation and a net EVS-vector that predominantly reflects canal activation (i.e., rotation) (Fitzpatrick and Day, 2004). To guide the subjects to their appropriate head and body position before each trial, they were given a subject-specific visual target that was placed on the wall to their left. In Experiment 1, a laser pointer attached to the subject’s head was used to orient the head in the desired position. In Experiment 2, the subject was instructed to align their head visually by looking at a target placed ∼1.5 m away on the aircraft wall since for safety reasons a head mounted laser could not be used in the aircraft. Subjects closed their eyes throughout each trial and were given verbal feedback regarding the whole-body sway angle and head position to help maintain a similar position over all trials.

Experiment 1

Experiment 1 assessed three different load conditions to examine the influence of load cues on the vestibular control of balance. Subjects stood with cumulative load forces through the feet equivalent to 1, 1.5 and 2 times their own body weight (conditions 1F, 1.5F and 2F, respectively) by progressively increasing the tension in the springs of the subject loading system. For each condition (1F, 1.5F, and 2F), subjects completed four 40-second trials (12 trials total) providing a total of 160 s of data for analysis under each condition. The order of the trials was randomized for each subject. Prior to delivering the electrical stimulus, subjects were instructed to lean forward to their offset angle, point the head-mounted laser to the mark and close their eyes. Experiment 1 was performed in the Department of Neuroscience at Erasmus Medical Center.

Experiment 2

Experiment 2 was performed with six subjects during the 68th ESA Parabolic Flight Campaign in a modified A310 Zero-G airplane (Novespace, Bordeaux, France) and consisted of a training session (Experiment 2A) and a flight session (Experiment 2B). The training session was completed on-ground in the aircraft 1 day prior to each subject’s participation in a parabolic flight (i.e., Experiment 2B). The training session familiarized the subjects with the experimental protocol and provided base-line data for qualitative comparison to Experiment 1 and Experiment 2B. The experiment was performed under two different loading conditions – 1F and 2F – following a similar protocol as described for Experiment 1. A 20-second electrical stimulus was used for Experiment 2A (and Experiment 2B), resulting in eight trials for each loading condition per subject. The order of trial condition (1F and 2F loading) was randomized for each subject.

During the in-flight session, the airplane carried out parabolic flight maneuvers (Figure 2) that produced periods of weightlessness (i.e., micro-g or ∼0 g) and increased gravity (i.e., hyper-g or 1.8 g), which modified the vestibular cues of gravity. Each parabola started and ended with hyper-g periods of ∼20–25 s, separated by a ∼20–25 s micro-g period. Between each parabola the plane was in steady-flight (i.e., normal-g or 1 g) for approximately 100 s. The onset of the electrical stimulus was automatically triggered by acceleration along the z-axis of the plane (i.e., the gravitational loading direction). For the micro-gravity (micro-g) phase, the stimulus was triggered 2 s after z-acceleration fell below 0.2 g, and for the hyper-gravity (hyper-g) phase, the stimulus was triggered 2 s after z-acceleration exceeded 1.5 g. In the normal-gravity (normal-g) phase, stimulation was started 20 s after the second hyper-g phase of the parabola ended, i.e., when z-acceleration fell below 1.2 g. Offline examination of acceleration data confirmed that the 20 s stimulus occurred within the specific gravity phase for all trials.


[image: image]

FIGURE 2. Protocol of Experiment 2B. Each parabolic maneuver starts with a hyper-g phase that is followed by a micro-g phase and ends with a second hyper-g phase. In between each parabola, there is a ∼100 s period of steady flight. For each gravitational phase, subjects performed standing balance tasks under different spring loading conditions while being exposed to the electrical vestibular stimulus. Blue arrows represent the load induced by gravity and red arrows represent the load induced by the subject loading system. Statistical comparisons were made between the results of the 0G-1F and 1G-1F conditions (yellow) and between the results of the 1.8G-1.8F and 1G-2F conditions (purple).



Subjects participated in the experiment for 15 parabolic maneuvers (Figure 2) under four different conditions with varying levels of gravity (i.e., 0G, 1G or 1.8G) and load via the springs (i.e., 1F or 2F). During seven parabolas, subjects performed normal-gravity/normal-load trials (i.e., 1G-1F) and hyper-gravity/additional-load trials (i.e., 1.8G-1.8F) without spring loading in the normal-g and hyper-g phases, respectively. Hyper-gravity trials (i.e., 1.8G-1.8F) were performed during the first hyper-g phase of the parabola since a more consistent gravity could be achieved during this phase of the parabola. During the other eight parabolas, subjects performed the micro-gravity/normal-load trials (i.e., 0G-1F) and normal-gravity/additional-load trials (i.e., 1G-2F) with spring loading in the micro-g and normal-g phase, respectively (Figure 2). The order of the two groups of parabolas (with and without spring loading) was counter balanced across subjects. The subject load system was set per subject to exert a constant force equal to their own weight. Due to the strict timing of consecutive parabolic phases, we were unable to adjust the subject loading system such that the loading level in a steady flight (i.e., 1G-2F) was exactly the same as the load level during the hyper-g phase (i.e., 1.8G-1.8F). Therefore, comparisons of the vestibular-evoked responses were made between 0G-1F and 1G-1F trials, where foot loading forces were matched, and between 1.8G-1.8F and 1G-2F trials, where foot loading forces differed slightly (see Figure 2). These comparisons allowed us to evaluate whether changes in gravity-driven otolith signals (i.e., 1 vs. 0 g, and 1 vs. 1.8 g) influence the vestibular control of balance, while maintaining approximately equal load-related afferent cues.

During Experiment 2B, unexpected plane accelerations due to turbulence caused some subjects to fall into the backboard end stops in the middle of a trial. When this occurred, the trial was removed from further analysis. In addition, two subjects experienced motion sickness during the flight and skipped 1–3 parabolas. Nevertheless, all subjects performed a minimum of four trials (i.e., 80 s) per condition without falling into the end stops. For subjects who performed more than four trials without falling into the end stops, the four trials with the lowest mean variability of whole-body sway angle per condition were used for data analysis. This was necessary to maintain equivalent significance thresholds for all subject data (see section “Signal Analysis”).

Data Recordings

In all experiments, surface EMG was collected from the medial gastrocnemius (mGAS) and soleus (SOL) muscles in the right leg using self-adhesive Ag-AgCl surface electrodes (BlueSensor M; Ambu, Copenhagen, Denmark). The recordings were made using a bipolar set-up with electrodes placed in-line with the muscle fibers at an inter-electrode (i.e., center-to-center) distance of 18 mm. The skin of the subject’s right leg was shaved and cleaned with skin preparation gel (NuPrep; Weaver and Company, Aurora, CO) and alcohol (MediSwab; BSN Medical, Hamburg, Germany) before the electrodes were secured. Acceleration of the plane was measured with a 3-axis accelerometer (3D Accelerometer; TMSi, Oldenzaal, Netherlands) and together with EMG was digitized at 2000 Hz on a data acquisition board (Porti7; TMSi, Oldenzaal, Netherlands). Vestibular stimuli, force plate signals and laser sensor data were digitized at 2000 Hz and recorded via a separate data acquisition board (USB-6259; National Instruments) using a custom MATLAB script (MathWorks, Natick, MA, United States). The two recording systems received a trigger signal at the onset of the vestibular stimulus to synchronize the data.

Signal Analysis

Digitized EMG was high pass filtered offline using a zero-lag sixth order Butterworth filter with a cut-off frequency of 30 Hz and full-wave rectified. EMG signals for each trial were time-locked to EVS onset using the shared trigger signal. Data were concatenated per condition per subject, producing a single 160 (Experiments 1 and 2A) or 80 s (Experiment 2B) data array for a subject’s responses for each condition. Data from all subjects were then concatenated to create a single 2560 (Experiments 1 and 2A) and 480 s (Experiment 2B) pooled data set for each condition. Coherence and cumulant density functions were calculated with the individual and pooled data from each condition to evaluate the correlation between the electrical stimulus input and the rectified EMG of the two muscles (Dakin et al., 2007, 2010; Forbes et al., 2014). Data from all experiments were cut into 1 s segments, yielding a frequency resolution of 1 Hz, before computing the auto-spectra and cross-spectrum for the EVS and EMG data.

Coherence provides a measure of the linear relationship between the electrical stimulus (i.e., input) and rectified EMG (i.e., output) across a given range of frequencies. At each frequency point, coherence varies between 0 (no linear relation) and 1 (a linear relation with no noise). Coherence was defined as significant when exceeding the 95% confidence limit, as derived from the number of disjoint segments (Halliday et al., 1995). Coherence was estimated for each condition with concatenated data within each participant as well as concatenated pooled data for each condition across all subjects (see section “Statistics” below). Individual-subject coherence estimates were used to ensure responses were exceeding significance and consistent with the pooled data. The absence of significant coherence at all frequencies between the input stimulus and output muscle activity would indicate the suppression of vestibular contributions to balance.

Cumulant density functions provide a time domain measure of the relationship (i.e., cross-covariance) between the stochastic signal and the muscle responses and were calculated by taking the inverse Fourier transform of the cross-spectra (Halliday et al., 1995). Cumulant densities of individual-subject data are used throughout this study to assess the magnitude of the vestibular-evoked muscle response. To account for differences in EMG level between conditions, the cumulant density responses were normalized (between −1 and +1) by the product of the vector norms of the EVS input signal and EMG output signal (Dakin et al., 2010), allowing for inter- and intra-subject comparisons by minimizing potential bias induced by changes in EMG activity. Although this normalized cumulant density is more commonly used to evaluate changes in vestibular-evoked responses (Dakin et al., 2010; Reynolds, 2010; Dalton et al., 2014; Forbes et al., 2014, 2016), we also examined the non-normalized cumulant density responses to assess whether any changes in the normalized responses were modulated simply because of increased non-vestibular input to the motoneuron pool at higher load levels where muscle activity is expected to increase. Because this additional measure is not normalized by ongoing muscle activity, it is not expected to change between conditions if only non-vestibular input (e.g., corticospinal, reticulospinal, spinal reflexes, etc.) leads to increasing EMG magnitude. In contrast, a proportional increase (or decrease) in both vestibular and non-vestibular input is expected to increase (or decrease) only the non-normalized response. Therefore, by comparing the normalized and non-normalized cumulant density responses together with EMG magnitudes, we estimated how the relative vestibular contribution co-varies with the net input to motoneurons. In lower limb muscles, both the normalized and non-normalized cumulant density function exhibit a typical biphasic pattern with peaks defined as short (50–70 ms) and medium (100–120 ms) latency and occurring in opposing directions (Nashner and Wolfson, 1974; Britton et al., 1993; Fitzpatrick et al., 1994; Fitzpatrick and Day, 2004; Dakin et al., 2007, 2011). For comparison across conditions, the peak-to-peak amplitude of the normalized and non-normalized cumulant density was extracted from each subject’s response. We also extracted the timing of the peaks for each subject since changes in body load are known to modify the rate of vestibular-evoked postural responses (Marsden et al., 2003). Changes in the timing of the peaks could indicate a slower or more rapid development of a vestibular-evoked postural response. Finally, we estimated the ankle torque generated by subjects using the measured forces and moments, and the anatomical location of the ankle relative to the force-plate surface (Luu et al., 2011).

Statistics

Because most subjects had never balanced under conditions with altered load and vestibular cues of gravity, we first evaluated changes in general balance behavior across conditions, including RMS muscle activity, vertical loading forces, estimated ankle torque, and whole-body sway angle (mean and mean-removed RMS). Analyses of these measures from Experiment 1 showed that the data were normally distributed, therefore the effect of load was identified using a repeated-measures ANOVA (Experiment 1: 1F/1.5F/2F). However, given the low subject numbers in Experiment 2A and 2B, for these data we used a Wilcoxon signed rank test to compare general balance behaviors across conditions (Experiment 2A: 1F vs. 2F; Experiment 2B: 1G-1F vs. 0G-1F and 1G-2F vs. 1.8G-1.8F).

To test the hypothesis that sensory cues of gravity modify the vestibular control of balance, we then examined the pooled coherence, the amplitude of the normalized and non-normalized cumulant density responses and the timing of the normalized cumulant density response across our various experimental conditions. We first evaluated the effect of load cues of gravity in Experiment 1 (i.e., 1F vs. 1.5F vs. 2F) on the pooled coherence using a difference of coherence (DoC) test. The DoC test was applied on the Fisher transform (tanh−1) of the coherency (square root of the coherence) values and compared to a χ2-distribution with k - 1 degrees of freedom (k is the number of conditions included in the comparison; k = 2). We then evaluated the effect of load cues of gravity (i.e., 1F vs. 1.5F vs. 2F) on the normalized and non-normalized cumulant density responses using a Friedman test. We used a non-parametric test because the peak-to-peak amplitudes and peak timing of the cumulant density responses were not normally distributed. When significant differences were observed, we performed pairwise comparisons (Wilcoxon signed rank test, Bonferroni corrected) to decompose the main effect of load across our three conditions. We also assessed whether a comparable trend in responses was observed in subjects participating in the parabolic flights by comparing responses across the lowest and highest load conditions in Experiment 2A (i.e., 1F vs. 2F) using a DoC test on the pooled coherence and a Wilcoxon signed-rank test on the cumulant density responses. Finally, we evaluated the effect of vestibular cues of gravity on the vestibular-evoked responses in Experiment 2B – 1g vs. 0g under normal load (i.e., 1G-1F vs. 0G-1F), and 1g vs. 1.8 g under additional load (i.e., 1G-2F vs. 1.8G-1.8F) – using a DoC test on the pooled coherence and Wilcoxon signed-rank tests on the cumulant density responses. All normal data are expressed as means ± standard deviations (SD) and non-normal data are expressed as medians and interquartile ranges (IQR). For all tests, statistical significance was set at 0.05.



RESULTS

Effect of Load Cues of Gravity on Vestibular-Evoked Muscle Responses (Experiments 1 and 2A)

During Experiments 1 and 2A, all subjects were able to balance themselves at the identified target angle (see Table 1) in all loading conditions without difficulty. During Experiment 1, mean whole-body sway angle was comparable across the 1F, 1.5F and 2F loading conditions [F(1.37,20.59) = 0.411, p = 0.592], however, the mean removed RMS sway angle varied depending on the specific load [F(2,30) = 7.650, p = 0.002] (see Figure 3). Pairwise comparisons revealed that the highest load (2F) increased RMS sway compared to 1F and 1.5F conditions (p = 0.036 and p = 0.006, respectively), whereas there was no difference between the two lower load conditions (p = 0.659). As expected, the additional load during 1.5F and 2F conditions required increased medial gastrocnemius [84.4 and 128.6%, respectively, F(2,30) = 77.3, p < 0.001] and soleus muscle activity [44.6 and 73.6%, respectively, F(2,30) = 69.083, p < 0.001] relative to the 1F condition (see Figure 4C), as well as ankle increased torque [86.9 and 142.0%, respectively, F(1.21,18.08) = 156.1, p < 0.001] (see Figure 3). Mean vertical loading forces in the 1.5F and 2F conditions were slightly below (145.9 and 187.3%, respectively) the intended load levels of 1.5 and 2 times body weight. This was likely due to a downward shift of the subject loading system over the pelvis throughout the trials, which reduced the load applied by the springs.
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FIGURE 3. Outcome measures of general balance behavior during Experiment 1 (n = 16). Responses include vertical loading forces, ankle torque and whole-body sway angle (mean and mean-removed RMS). Individual subjects are plotted as gray dots. Group responses are plotted with means (blue dots) and standard deviations (whiskers). ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 indicates significant differences between conditions. mGAS = medial gastrocnemius muscle, SOL = soleus muscle.
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FIGURE 4. Vestibular-evoked muscle responses with varying load levels from Experiment 1. Data from the medial gastrocnemius and soleus muscles are shown for a single subject (A) and group responses (n = 16) (B). Horizontal dotted lines indicate the 95% confidence limits for coherence, difference-of-coherence (DoC) and cumulant density responses. DoC results are plotted above the group pooled coherence results. A positive value for the DoC indicates greater coherence for the first condition listed in each comparison; whereas a negative value represents greater coherence for the second condition in each comparison. Cumulant density plots show the normalized and non-normalized (insets) responses for both individual subject and group data. In the group cumulant density responses, bold lines are group means and for illustrative purposes shaded areas show the standard error. For comparison, data from the group (n = 16) root-mean-square of muscle activity (EMG) (C) and peak-to-peak amplitudes of the normalized cumulant density responses (D) are shown. Individual subjects are plotted as gray dots. Group responses for normally distributed data are plotted with means (blue dots) and standard deviations (whiskers), while non-normally distributed data are plotted with medians (red line), 25 and 75 percentiles (gray box) and extreme data points (whiskers). ∗∗p < 0.01 and ∗∗∗p < 0.001 indicates significant differences between conditions. mGAS = medial gastrocnemius muscle, SOL = soleus muscle.



TABLE 1. Group data for measures of general balance behavior.
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Lower limb muscle activity showed significant correlation with the electrical stimulus for all subjects and in all conditions. Data from a representative subject show that coherence in both muscles was significant at frequencies up to about 20 Hz (Figure 4A). The associated biphasic muscle response (i.e., normalized cumulant density) produced short-latency (∼70 ms) and medium-latency (∼100 ms) peaks exceeding the 95% confidence interval (Figure 4A). With increasing load (1.5F and 2F), the coherence and the normalized cumulant density responses decreased by similar amounts across the two conditions, while the non-normalized cumulant density progressively increased with load (see Figure 4A insets). A similar trend was observed in the group data (see Figure 4B): the DoC test revealed a significant decrease in pooled coherence in both muscles between 0 and ∼10 Hz when the load was elevated (1.5F and 2F), however, between the two load conditions (1.5F vs. 2F) there was no change in coherence. This was associated with a significant effect of load condition on the peak-to-peak amplitude of the normalized cumulant density responses in both muscles (mGAS: λ2 = 18.375, p < 0.001; SOL: λ2 = 13.625, p = 0.001). Pairwise analysis revealed that normalized cumulant density responses in both muscles were largest for the 1F condition and decreased by ∼27–33% when load was increased to 1.5F (mGAS: Z = −3.516, p = 0.001; SOL: Z = −3.361, p = 0.002) (Figure 4D). When the load was increased further to 2F, however, responses were similar to those observed in the 1.5F condition (mGAS: Z = −0.414, p = 0.679; SOL: Z = −1.086, p = 0.278), and decreased only relative to the normal load condition (mGAS: Z = −3.309, p = 0.002; SOL: Z = −3.154, p = 0.005). Non-normalized cumulant density responses, in contrast, showed a progressive increase with additional load (see Figure 4B insets) in both the gastrocnemius (47 and 74%, respectively, λ2 = 17.375, p < 0.001) and soleus muscles (7 and 50%, respectively, λ2 = 19.500, p < 0.001). Our results also indicated that the timing of the short and medium latency peaks in both muscles were effected by additional load (short latency: mGAS – λ2 = 12.132, p = 0.002, SOL – 12.984, p < 0.002; medium latency: mGAS – λ2 = 26.000, p < 0.001, SOL – λ2 = 17.322, p < 0.001) (see Table 2). Pairwise analysis indicated that with elevated load (1.5 and 2F), the short latency peaks occurred ∼1.4–2.4 ms earlier (mGAS: multiple p < 0.002; SOL: multiple p < 0.006), and the medium latency peaks occurred ∼2.0–4.9 ms earlier (mGAS: multiple p < 0.002; SOL: multiple p < 0.04) compared to the normal 1F load condition (see Table 2). Similar to the normalized peak-to-peak amplitudes, we found no differences between the timing of the short and medium latency peaks across the 1.5F and 2F conditions for both muscles (mGAS: multiple p = 1.0; SOL: multiple p = 1.0).

TABLE 2. Group data of peak-to-peak normalized and non-normalized cumulant density responses responses, as well as timing of the short- and medium latency responses.
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The six subjects who participated in the on-ground training (Experiment 2A) showed similar patterns of balancing behavior and vestibular-evoked muscle responses with changing load levels as seen in Experiment 1 (see Table 1). Under increased load (2F), muscle activity (mGAS: 89.6%, Z = −2.201, p = 0.028; SOL: 71.6 %, Z = −2.201, p = 0.028) and ankle torque (114.6%, Z = −2.201, p = 0.028) increased substantially relative to 1F loading. Furthermore, vertical load forces in the 2F condition (185.6%) were slightly below the intended level of 2 times the subjects’ body weight (Table 1). Minor differences relative to Experiment 1, however, were observed; mean whole-body sway angle increased by 3% (Z = −1.992, p = 0.046) during 2F loading, while RMS sway was similar across conditions (Z = −1.153, p = 0.249). Nevertheless, the vestibular-evoked muscle responses in these six subjects also showed similar changes with increasing load when compared to those observed in Experiment 1. During 2F loading, DoC tests revealed that pooled coherence in both muscles decreased between 0 and ∼8 Hz (data not shown). Similarly, in both muscles, the normalized cumulant density responses decreased during 2F loading (mGAS: 42%, Z = −2.201, p = 0.028; SOL: 19%, Z = −2.201, p = 0.028), while the non-normalized cumulant density responses increased (mGAS: 62%, Z = −2.201, p = 0.028; SOL: 27%, Z = −2.201, p = 0.028) (see Table 2). Finally, timing of the short- and medium latency peaks with additional load occurred ∼1.3–2.5 ms (mGAS: Z = −2.201, p = 0.028) and ∼6.4–7.5 ms earlier (mGAS: Z = −2.201, p = 0.028; SOL: Z = −2.207, p = 0.027) relative to normal standing, respectively, with the exception of the soleus short latency peak which did not differ across conditions (SOL: Z = −0.949, p = 0.343).

Overall, the results of Experiments 1 and 2A indicate that although non-normalized vestibular-evoked muscle responses increase with additional load, the relative vestibular contribution (i.e., normalized cumulant density) is reduced and slightly advanced compared to normal balance conditions. However, no further changes in the amplitude and timing of the relative vestibular contribution are observed when the load exceeds 1.5 times the body weight.

Effect of Vestibular Cues of Gravity on Vestibular-Evoked Muscle Responses (Experiment 2B)

When subjects balanced during the in-flight experiments (i.e., Experiment 2B), we observed an increased difficulty in maintaining upright stance. Plane turbulence and unexpected loads throughout the parabola caused some subjects to fall into the end stops. As a result, the mean-removed RMS whole-body sway was ∼2–3 times higher during in-flight testing as compared to on-ground training (Table 1). Nevertheless, the general balance behavior from Experiment 2B showed similar trends as Experiment 2A when the total load was increased (i.e., 0G-1F/1G-1F vs. 1.8G-1.8F/1G-2F). Specifically, mean foot loading, ankle torque and muscle activity increased under conditions with higher load. Variations in balance behaviors, however, were observed when comparing responses across the different gravity levels as detailed below.

Comparison of 0G-1F and 1G-1F Conditions

During the micro-g phase of the parabola (i.e., 0G-1F condition), all subjects were able to maintain upright balance without difficulty. Load forces during the 0G-1F condition, however, were 18.6% lower than the 1G-1F conditions (Z = −2.201, p = 0.028) (see Figure 5). As a result, ankle torque (Z = −2.201, p = 0.028) and medial gastrocnemius muscle activity (Z = −2.201, p = 0.028) were also 31.9 and 38.6% lower during the micro-g condition, respectively. Notably, however, there was no difference in the soleus muscle activity across gravitational conditions (Z = −0.943, p = 0.345) (see Figure 6C). Finally, mean whole-body sway angle during the micro-g condition was larger relative to the normal 1G-1F condition (Z = −2.201, p = 0.028) – though this was attributed to a single subject who leaned too far forward – while mean-removed RMS sway was not significantly different (Z = −0.734, p = 0.463) (Table 1 and Figure 5).


[image: image]

FIGURE 5. Outcome measures of general balance behavior during Experiment 2B (n = 6). Responses include vertical loading forces, ankle torque and whole-body sway angle (mean and mean-removed RMS). Individual subjects are plotted as gray dots. Data are plotted as median (red line), 25 and 75 percentiles (gray box) and extreme data points (gray whiskers). ∗p < 0.05 indicates significant differences between conditions.



The electrical stimulus evoked significant muscle responses in all subjects during trials both with and without gravity. Data from a representative subject show that during the micro-g condition, both coherence and cumulant density responses in the medial gastrocnemius muscle decreased relative to the normal condition (Figure 6A black and green traces). Similar responses were observed in the group data (Figure 6B black and green traces): the DoC test indicated that pooled coherence decreased when subjects stood without gravity at frequencies between 0 and ∼10 Hz, but only in the medial gastrocnemius muscle (see Figure 6A black and green traces; note SOL muscle data not shown). This decrease in medial gastrocnemius coherence was associated with a 30% decrease in the normalized cumulant density (Z = −1.992, p = 0.046) (Figure 6D), and was accompanied by a 29% decrease in the non-normalized cumulant density (Z = −2.201, p = 0.028) (Figure 6B inset, black and green traces). In the soleus muscle, a similar decreasing trend in the responses of both cumulant density measures was observed during micro-g conditions, however, these differences were not significant (normalized: Z = −1.782, p = 0.075; non-normalized: Z = −1.363, p = 0.173) (Figure 6D). Furthermore, we also found no change in the timing of the short and medium latency peaks across gravity conditions for both the medial gastrocnemius (short: Z = −0.535, p = 0.593; medium: Z = −0.135, p = 0.892) and soleus muscle (short: Z = −0.184, p = 0.854; medium: Z = −0.674, p = 0.500) (see Table 2).
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FIGURE 6. Vestibular-evoked muscle responses with varying load and gravity levels from Experiment 2B. Data from the medial gastrocnemius muscle are shown for a single subject (A) and group responses (n = 6) (B). In general, variations in gravity and load level relative to normal standing conditions resulted in lowered coherence and cumulant density responses. Horizontal dotted lines indicate the 95% confidence limits for coherence, difference-of-coherence and cumulant density responses. DoC results are plotted above the group pooled coherence results. A positive value for the DoC indicates greater coherence for the first condition listed in each comparison; whereas a negative value represents greater coherence for the second condition in each comparison. Cumulant density plots show the normalized and non-normalized (insets) responses for both individual subject and group data. In the group cumulant density responses, bold lines are group means and for illustrative purposes shaded areas show the standard error. For comparison, data from the group (n = 6) root-mean-square of muscle activity (EMG) (C) and peak-to-peak amplitudes of the normalized cumulant density responses (D) are shown. Individual subjects are plotted as gray dots. Group data are plotted as median (red line), 25 and 75 percentiles (gray box) and extreme data points (whiskers). ∗p < 0.05 indicates significant differences between conditions.



Comparison of 1.8G-1.8F and 1G-2F Conditions

Throughout the hyper-g phase of the parabola (i.e., 1.8G-1.8F condition), plane accelerations in the direction of balance (i.e., longitudinal axis of the plane) progressively increased and tended to push the subjects forward. This additional load made it difficult for subjects to maintain the desired whole-body sway angle without falling into the forward end stop. Consequently, the subjects were instructed to stand leaning forward at an angle that required similar effort as the condition when additional load was provided by the springs with normal 1 g gravity (i.e., 1G-2F). This ensured that the muscles were engaged in a task to remain upright but required that subjects stand at a mean whole-body sway angle that was ∼4° anterior relative to the 1G-2F condition (Z = −2.201, p = 0.028). Despite this difference in sway angle, load forces and ankle torque were similar across normal and hyper-g conditions (i.e., 1.8G-1.8F vs. 1G-2F, see Table 1 and Figure 5; load forces: Z = −1.153, p = 0.249; ankle torque: Z = −0.314, p = 0.753). However, muscle activity was ∼21–27% higher during hyper-g trials (mGAS: Z = −2.201, p = 0.028; SOL: Z = −2.201, p = 0.028) and the mean-removed RMS sway was about three times higher (Z = −2.201, p = 0.028). These differences in muscle activity and sway variability were likely due to the variation in longitudinal acceleration that occurred during the hyper-g phase.

Despite the differences in general balance behavior, the electrical stimuli evoked significant muscle responses in conditions with and without the additional gravity. Data from a representative subject show that during the hyper-g condition, coherence and normalized cumulant density responses in the medial gastrocnemius muscle decreased relative to the normal condition (Figure 6A red and blue traces). The non-normalized cumulant density response, however, showed no obvious variation in response magnitude across conditions (Figure 6A inset, red and blue traces). A similar effect of the additional gravity was observed in the group data: the DoC test showed coherence decreased during hyper-g trials at most frequencies between 0 and ∼10 Hz, but only in the medial gastrocnemius muscle (Figure 6B red and blue traces; note SOL muscle data not shown). Further, this decrease in medial gastrocnemius coherence was associated with a 29% decrease in the normalized cumulant density (Z = −2.201, p = 0.028), but no significant difference in the non-normalized cumulant density (Z = −0.105, p = 0.917) (see Figure 6B inset, red and blue traces). Soleus muscle responses, in contrast, showed no significant difference with the additional gravity for both the normalized and non-normalized cumulant density responses (both: Z = −0.105, p = 0.917) (see Table 2). Similar to the micro-g conditions, timing of the short and medium latency peaks showed no change between conditions for both the medial gastrocnemius (short: Z = −1.604, p = 0.109; medium: Z = −0.943, p = 0.345) and soleus muscle (short: Z = −1.095, p = 0.273; medium: Z = −1.625, p = 0.104) (see Table 2).

Overall, the results of Experiment 2B indicate that vestibular input to muscle activity persist across varying levels of gravity, but that the relative contribution of vestibular input to ongoing muscle activity decreases when vestibular cues of gravity decrease (but perhaps not increase) relative to normal 1 g gravity.



DISCUSSION

The aim of the present study was to determine whether both somatosensory and vestibular cues of gravity modify the corrective muscle actions to vestibular-evoked postural disturbances. Our results show that when subjects balanced with added load and a constant 1 g vestibular signal, the relative vestibular contribution to the evoked muscle responses (i.e., coherence and normalized cumulant density) decreased and occurred earlier relative to responses during normal standing. In addition, when subjects balanced with varying levels of gravity while the overall load was held relatively constant, the relative vestibular contribution to evoked muscle responses also decreased. This modulation, however, was primarily limited to micro-g conditions when vestibular cues of gravity were absent. Furthermore, these response reductions with changes in gravity occurred in absence of any significant change in their timing. These results demonstrate that load-related cues of gravity from the somatosensory system (i.e., cutaneous and proprioception) and vestibular-related cues of gravity from the otolith end organs influence the vestibular drive for standing balance, such that the relative vestibular contribution to corrective postural responses decreases when sensory cues of gravity differ from normal 1 g conditions.

Despite the reduction in the normalized vestibular-evoked responses across varying load and gravity levels, significant muscle responses to the electrical stimulus were observed for all subjects in all conditions. This aligns with the notion that vestibular-evoked muscle corrections during quiet standing are only evoked when both vestibular information and a muscle’s contribution are relevant to the process of balancing the body (Britton et al., 1993; Fitzpatrick et al., 1994; Luu et al., 2012; Forbes et al., 2016). For instance, responses are absent when standing subjects balance a body-equivalent inverted pendulum while being supported by a rigid backboard, a condition where somatosensory signals – but not vestibular signals – are relevant to the balance task (Fitzpatrick et al., 1994). Therefore, it is not entirely surprising that vestibular-evoked muscle responses were observed across our changing load and gravity conditions since both the vestibular feedback and the muscle corrections were always engaged in, and/or relevant to, balancing the body against a downward pulling force. Under micro-gravity conditions, the otolith sensory cues produced by gravity were removed, limiting the available sensory cues of the downward pulling force to somatosensors only. Our results therefore demonstrate that vestibular contributions to standing can be maintained with sensory feedback signals of load and balance that are absent of the otolithic signal of gravity (e.g., somatosensory and/or dynamic vestibular signals). Accordingly, it may be possible that even after prolonged exposure to micro-gravity in space-flight, vestibular-evoked muscle responses continue to compensate for vestibular disturbances while balancing the body against a downward load, in contrast to the reduced otolith-spinal reflexes during the specific freefall drop conditions (Reschke et al., 1984, 1986; Watt et al., 1986). The sustained influence of a vestibular signal for balance in the absence of gravity also parallels the observation that when balancing without proprioceptive signals of ankle angle (i.e., sway referenced balance) (Nashner and Wolfson, 1974; Luu et al., 2012; Forbes et al., 2016) or visual signals of body sway (i.e., in the dark or with eyes closed) (Fitzpatrick et al., 1996; Welgampola and Colebatch, 2001) vestibular-evoked muscle responses are retained.

The changes in vestibular-evoked responses observed here also align with the influence that varying sensory cues of standing can have on the vestibular control of balance (Nashner and Wolfson, 1974; Lund and Broberg, 1983; Britton et al., 1993; Welgampola and Colebatch, 2001; Muise et al., 2012). Cooling of the feet, for example, reduces the sensitivity of cutaneous receptors and increases vestibular-evoked muscle responses (Muise et al., 2012). Similarly, additional load on the body decreases cutaneous receptor sensitivity (Mildren et al., 2016), and progressively increases the associated vestibular-evoked postural responses (Marsden et al., 2003). At first glance, our results when increasing the load (Experiments 1 and 2A) seem to contradict the study of Marsden et al. (2003), since the normalized vestibular-evoked muscle responses reported here (a) decreased with additional load, and (b) ceased to vary (or plateau) when the load was increased from 1.5 to 2 times the body weight. Marsden et al. (2003) however, examined the rate of reaction force development evoked by a transient electrical stimulus, a non-normalized response that reflects the net contribution of vestibular input to postural control. Indeed, similar to Marsden et al. (2003) we found that the non-normalized cumulant density responses also increased with additional load. Our normalized cumulant density results therefore extend the findings of Marsden et al. (2003) showing that although the total vestibular contribution progressively increases with the excitability of the motoneuron pool at higher loads, the relative contribution of vestibular signals decreases. As the load increases beyond 1.5 times body weight, however, the relative vestibular input remains constant.

Our results from Experiment 2B further demonstrate that a decreasing vestibular cue of gravity also influences the processing of vestibular information for balance. Under micro-g conditions, normalized vestibular-evoked muscle responses decreased relative to standing with 1 g vestibular cues and matching load cues (1F). The covariation of both the normalized and non-normalized cumulant density responses together with EMG magnitude (i.e., all measures decreasing) during micro-g trials suggests that the net decrease in the input to the motoneuron was accompanied by a proportionally larger decrease in the vestibular contribution. During hyper-g conditions, in contrast, we saw a reduction only in the normalized cumulant density together with an increase in EMG magnitudes. It appears likely that the decrease in the normalized cumulant density responses during hyper-g was simply due to a net increase in the input to motoneuron arising from non-vestibular sources (Bacsi and Colebatch, 2005; Heroux et al., 2015). A confounding factor in interpreting these hyper-g results, however, is that the loading conditions were substantially different across the two conditions. In particular, the mean sway angle during hyper-g trials was ∼4 degrees posterior and the RMS sway angle was three times higher relative to the 1 g (i.e., 1G-2F) condition. Accordingly, we cannot rule out the possibility that variations in balance state across conditions (i.e., sway angle, sway velocity) (Lee Son et al., 2008; Forbes et al., 2018; Rasman et al., 2018) also contributed to any effect caused by changing gravity. Finally, an additional limitation to these results is that the observed changes in vestibular contributions across gravity conditions in the medial gastrocnemius muscles were not observed in the soleus muscle. However, given the reduced sensitivity of the soleus muscle to vestibular input as compared to the medial gastrocnemius muscle (Dakin et al., 2016), it may be possible that an effect could be seen if the number of subjects was increased.

Overall, the results of both experiments indicate that changes in load and vestibular cues of gravity primarily decrease the relative contribution of vestibular signals to ongoing muscle activity. This reduction in the normalized vestibular-evoked muscle responses with changes in multiple sensory cues of gravity may be compatible with previous observations that the amplitude of vestibular-induced balance responses are dependent upon the congruency between actual and expected sensory consequences of postural motor actions (Luu et al., 2012). The balance system is thought to predict the sensory consequences of postural tasks using an internal model of the standing body’s dynamics under normal 1 g loading (van der Kooij et al., 2001; Kuo, 2005; Heroux et al., 2015; Forbes et al., 2018). When the sensory predictions produced by the internal model do not match actual sensory feedback, vestibular input to standing balance decreases. Therefore, when subjects balance with altered load or vestibular cues of gravity, the change in congruent sensory signals relative to normally expected 1 g standing produces similar changes (i.e., reductions) in the vestibular-evoked motor responses. Importantly, this does not exclude the possibility for adaptation to any of these altered sensory conditions, which over sufficient exposure may allow the vestibular-evoked responses to return to expected levels (Heroux et al., 2015).



CONCLUSION

The present study shows that the vestibular drive for standing balance was always present across variations in load- and vestibular-related cues of gravity, but that the relative vestibular contribution was attenuated when these signals were altered from normal 1 g conditions. This suggests that multiple afferent feedback cues of gravity influence the contribution of vestibular signals for the control of upright stance. Our study provides unique insight into the effect that changing levels of gravity can have on the sensorimotor processing for standing balance and may have important implications for astronauts interacting in different levels of gravity.
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Long-duration spaceflight has been shown to negatively affect the lumbopelvic muscles of crewmembers. Through analysis of computed tomography scans of crewmembers on 4- to 6-month missions equipped with the interim resistive exercise device, the structural deterioration of the psoas, quadratus lumborum, and paraspinal muscles was assessed. Computed tomography scans of 16 crewmembers were collected before and after long-duration spaceflight. The volume and attenuation of lumbar musculature at the L2 vertebral level were measured. Percent changes in the lumbopelvic muscle volume and attenuation (indicative of myosteatosis, or intermuscular fat infiltration) following spaceflight were calculated. Due to historical studies demonstrating only decreases in the muscles assessed, a one-sample t test was performed to determine if these decreases persist in more recent flight conditions. Crewmembers on interim resistive exercise device-equipped missions experienced an average 9.5% (2.0% SE) decrease in volume and 6.0% (1.5% SE) decrease in attenuation in the quadratus lumborum muscles and an average 5.3% (1.0% SE) decrease in volume and 5.3% (1.6% SE) decrease in attenuation in the paraspinal muscles. Crewmembers experienced no significant changes in psoas muscle volume or attenuation. No significant changes in intermuscular adipose tissue volume or attenuation were found in any muscles. Long-duration spaceflight was associated with preservation of psoas muscle volume and attenuation and significant decreases in quadratus lumborum and paraspinal muscle volume and attenuation.

Keywords: astronaut, cosmonaut, microgravity, muscle atrophy, muscle attenuation, computed tomography


INTRODUCTION

Significant skeletal muscle atrophy has been observed in crewmembers of long-duration spaceflights and persists for months following spaceflight, particularly in the legs and back (LeBlanc et al., 2000; Ploutz-Snyder et al., 2015; Chang et al., 2016). Muscle volume decreases due to prolonged exposure to microgravity during long-duration spaceflight may increase the risk of astronaut injury while on mission, upon return to earth, or later in life (LeBlanc et al., 1998, 2000; Adams et al., 2003; Lang et al., 2004; Ploutz-Snyder et al., 2015). Studies on muscle atrophy during long-duration spaceflight have primarily focused on the lower extremities, but recent spaceflight and bed rest studies have sought to characterize loss in the supporting spinal musculature (Cao et al., 2005; Ploutz-Snyder et al., 2015; Chang et al., 2016; Macias et al., 2017). Historical magnetic resonance imaging data from 17-day missions have shown a 10% volumetric loss in the intrinsic back muscles (rotatores, multifidus, semispinalis, spinalis, longissimus, and iliocostalis) and 5% volumetric loss in the psoas muscles, while 16- to 28-week missions resulted in 16% loss in the intrinsic back muscles and 5% loss in the psoas muscles (LeBlanc et al., 2000). Long-duration bed rest studies have been used as corollary for spaceflight studies of muscle degradation as they are both associated with increased muscle soreness, decreased muscle performance, and decreased postural stability (Nicogossian et al., 1994; LeBlanc et al., 2000; Cao et al., 2005; Muir et al., 2011; Macias et al., 2017). Nevertheless, these studies may not adequately capture the full degree of lumbopelvic muscle degradation that occurs with long-duration spaceflight (LeBlanc et al., 1992). Back muscles are likely used in bed rest to adjust position. In the 1-g environment on Earth, lumbopelvic muscles are activated in a tonic fashion that is in anticipation of dynamic loads with various up-right movements, offering segmental control and stability of the spine (Hodges and Richardson, 1997; Moseley et al., 2002). In spaceflight, some spinal loading is achieved through intravehicular activities such as treadmill and resistive exercise as well as any extravehicular activities while on the mission. However, these activities do not produce the same type and magnitude of gravitational loading experienced on Earth. Moreover, during spaceflight, even with the use of advanced exercise equipment, microgravity causes an absence of anticipatory loads, disrupting the feedforward mechanism that normally activates the lumbopelvic muscles (Winnard et al., 2017).

A chief goal of NASA’s Human Research Roadmap is to investigate whether atrophied and weakened spinal musculature paired with vertebral bone loss will affect their quality of life upon return to Earth, since lost muscle and bone mass are not immediately restored (LeBlanc et al., 2000; McCarthy et al., 2000; Carpenter et al., 2010; Caldwell et al., 2012). In particular, the combination of spaceflight-induced loss of muscle strength, sensorimotor impairment, reduced postural stability, and bone loss may predispose astronauts to herniated discs (Johnston et al., 2010) and vertebral fracture due to dynamic loading encountered in spacecraft launches and landings and/or due to falls in the years following spaceflight (LeBlanc et al., 2000; Lang et al., 2004; Muir et al., 2011; Wood et al., 2011). In addition to risk of injury, in-flight back pain is a known effect of spaceflight with the majority of crewmembers experiencing some degree of back pain during flight (Sayson and Hargens, 2008; Kerstman et al., 2012; Pool-Goudzwaard et al., 2015). The most common location of spaceflight-induced back pain occurs in the lumbar region. It is postulated that both disc and muscle changes are contributing to this phenomenon (Sayson and Hargens, 2008; Belavý et al., 2011; Hides et al., 2016). Spinal musculature provides support for the vertebral column. Chronic back pain studies in terrestrial populations have linked decreases in the paraspinal muscles and psoas to back pain (Hodges and Richardson, 1996; Hides et al., 2011), though the same correlation is not clear with regard to muscle attenuation, a measure of muscle density in which lower values suggest fat infiltration, and back pain (Danneels et al., 2000; Kamaz et al., 2007).

Early exercise equipment in space consisted of bicycle machines, which provided aerobic training that was ineffective in combating muscle loss, highlighting the need for on-board resistance-based exercise equipment (Thornton and Rummel, 1977). Long-duration International Space Station (ISS) missions have retained the important focus on cardiovascular health with the presence of a cycle ergometer with vibration isolation and stabilization (CEVIS) and a treadmill with vibration isolation and stabilization (TVIS) and its 2009 replacement, the second-generation treadmill (T2; Petersen et al., 2016). Efforts to minimize muscle degradation on ISS missions resulted in the introduction of the interim resistive exercise device (iRED), which used elastomers to mimic weight-bearing exercise as a complimentary in-flight countermeasure (Shiba et al., 2015). This was improved upon in 2010 with the introduction of the advanced resistive exercise device (aRED), which simulated inertial loads experienced at earth-based gravitational pull.

Volumetric changes in spinal musculature occurring as a result of prolonged spaceflight can be measured using computed tomography (CT) scans. Additionally, CT scans can provide an insight into the development of intermuscular adipose tissue deposits as well as intramyocellular lipid deposits in the myocyte cytoplasm through measuring muscle attenuation values (Aubrey et al., 2014; Lee et al., 2017). The combination of these analyses allows for investigation into the influence of long-duration spaceflight on muscle health. The objective of this study was to assess pre- to post-flight changes in the psoas, quadratus lumborum, and paraspinal muscles from lumbar spine CT scans of crewmembers (n = 16) on 4- to 6-month iRED-equipped missions. It was hypothesized that the lumbopelvic muscles would experience post-flight decreases in muscle volume and attenuation in these iRED-era missions.



MATERIALS AND METHODS

Retrospective CT scans were obtained from the Life Sciences Data Archive and Lifetime Surveillance of Astronaut Health project. Written informed consent was obtained from each subject, and the study protocols were approved by the Wake Forest School of Medicine and National Aeronautics and Space Administration Institutional Review Boards. Helical CT images at the level of the L1 and L2 vertebrae were acquired using a GE HiSpeed Advantage at 80 kVp and 140 mA with 3 mm slice thickness and 0.94 mm pixel size (Lang et al., 2004). Scans were obtained for 16 crewmembers made up of astronauts and cosmonauts (average age, 45.9 years; 15 males and 1 female) who flew missions between 4 and 6 months in duration during the period when iRED was available to crewmembers. Pre-flight CT scans were performed 30–60 days before launch, and post-flight CT scans were performed within 7–10 days after landing (Lang et al., 2004).

The psoas, quadratus lumborum, and paraspinal (consisting of the erector spinae and multifidus) muscle groups were segmented and analyzed from the CT images to characterize lumbopelvic muscle volume changes (Figure 1). Segmentation was standardized using the morphology of the L2 vertebral body to ensure consistent regional analysis on a per-crewmember level. Segmentation was performed in the axial view starting with the slice superior to the L2 vertebral body and ending on the slice inferior to the L2 vertebral body. The pre- and post-flight scans per crewmember were quality checked to make sure they encompassed the same regions and had masks of the same height. Semi-automated segmentation was conducted using Mimics software (v20, Materialise, Leuven, Belgium). An initial Hounsfield Unit (HU) threshold for muscle (−29 to 150 HU) was applied and the resulting mask was manually refined to ensure voxels within the external boundary of each lumbopelvic muscle were included in the mask (termed “total muscle mask”). Once all lumbopelvic muscles were segmented, the axial slices were checked for consistent muscle boundary definitions on an intra-subject level. Once lumbopelvic muscle masks were validated, a fat threshold was applied (−190 to −30 HU; Prado et al., 2009) to define voxels representing intermuscular adipose tissue (IMAT; termed “fat mask”) within the “total muscle mask.” A Boolean operation was then performed to subtract the “fat mask” from the “total muscle mask” to obtain the “true muscle mask.” Any fat voxels on the outer layer of the muscle mask were determined to be muscle fascia and were manually removed from the muscle mask to create a “fat infiltration mask” representing IMAT.
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FIGURE 1. (A) Manual muscle segmentations of the psoas (blue), quadratus lumborum (green), and paraspinal muscles (orange) on a CT scan. Fat voxels (white) have been removed from each of the muscle masks. (B) Three-dimensional view of the muscle segmentations represents muscle volumes that span the L2 vertebral body.
 

From these segmentations, pre- to post-flight changes in muscle volume were quantified. The volume of each true muscle mask was calculated by determining the volume of a 0.94 mm × 0.94 mm × 3.00 mm voxel and multiplying by the number of voxels in the muscle segmentation. Similarly, the volume of IMAT was determined using the same method. The gross fat percentage for each muscle was calculated as the percentage of the combined true muscle and fat infiltration masks occupied by the fat infiltration mask. Muscle and fat attenuation (measure of lipid concentrations in the masks) were calculated as the average HU for each mask. The pre- to post-flight percentage change for the volume and attenuation of each mask was calculated on a per-crewmember level.

Statistical analysis was performed using JMP Pro (JMP®, Version 13. SAS Institute Inc., Cary, NC, USA). Shapiro-Wilk tests were performed on all muscle changes to evaluate for normally distributed results. Paired t tests (α = 0.05) were performed to determine the mean change in lumbopelvic muscle and fat volumes on a per-crewmember level. Paired t tests (α = 0.05) were also performed to determine the mean change in muscle and fat attenuation on a per-crewmember level. Finally, paired t tests (α = 0.05) were performed on the percent change in the volume and attenuation of muscle and fat in the pre- versus post-flight scans. All results are presented as means and standard errors.

A subset consisting of six crewmembers had in-flight workout logs of time spent using CEVIS and TVIS as well as frequency of iRED usage. The crewmembers also had pre- and post-functional fitness assessments consisting of peak torque on 60° knee and trunk flexion and extension. Crewmembers also had pre- and post-fitness assessments for maximum pushups, situps, and pullups performed in 2 min, maximum fingertip distance during a sit and reach exercise, and maximum weight lifted while performing smith bench presses and leg presses. No logs of in-flight nutrition were available in this subset.

Shapiro-Wilk tests were performed on all exercise frequencies and functional fitness assessments to evaluate for normally distributed results. Functional fitness parameters with normal distributions were individually linearly regressed against lumbopelvic muscle changes to assess for any functional changes as a result of radiologically observed findings. Lumbopelvic muscle changes with normal distributions were individually linearly regressed against CEVIS (min/day), TVIS (min/day), and iRED (uses/day) to evaluate for significant changes resulting from crewmembers’ choice of in-flight fitness routine. These values were determined by taking the total minutes spent using CEVIS or TVIS and total flight uses of iRED and normalizing by the mission duration in days.



RESULTS

The psoas, quadratus lumborum, and paraspinal muscle volumes were grouped into a single mask to quantify the total change in lumbopelvic muscle volume (Table 1). Fourteen of the 16 (88%) crewmembers showed a decrease in total lumbopelvic muscle volume following spaceflight, ranging from 2.4 to 10.5%. One crewmember showed a 4.7% increase in total lumbopelvic muscle volume following spaceflight. One crewmember showed no change in total lumbopelvic muscle volume from baseline. The total lumbopelvic musculature showed an average 5.1% (4.2% SE; p < 0.001) decrease following spaceflight (Figure 2).



TABLE 1. Changes in lumbar musculature along the L2 vertebrae for each crewmember.
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FIGURE 2. Average percent changes (with standard error bars) in crewmember psoas, quadratus lumborum, paraspinal, and total lumbopelvic muscle volumes, with individual crewmember data points overlaid. Determined from pre- and post-flight manually segmented CT scans of the L2 region. *p < 0.05.
 

Post-flight decreases in individual muscle volumes were observed in the crewmembers (Figure 2). Significant decreases in quadratus lumborum muscle volume (mean: 9.5%; 2.0% SE; p < 0.0001) and paraspinal muscle volume (mean: 5.3%; 1.0% SE; p < 0.0001) were observed. Crewmembers did not experience statistically significant changes in psoas muscle volume.

The individual muscle groups were assessed to determine the overall change in muscle attenuation (measured in HU; Figure 3). The quadratus lumborum muscle demonstrated a significant HU decrease in 6.0% (1.5% SE, p < 0.001). The paraspinal muscles also demonstrated a significant HU decrease in 5.3% (1.6% SE, p < 0.01). The psoas muscles showed no statistically significant changes in HU. The individual muscle groups were assessed to determine the overall change in IMAT among the crewmembers. None of the muscles showed significant changes in fat infiltration volumes and both the psoas and quadratus lumborum fat infiltration volumes were non-normally distributed with outliers experiencing substantial increases in fat infiltration volume (Figure 4).
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FIGURE 3. Average percent changes (with standard error bars) in crewmember psoas, quadratus lumborum, and paraspinal muscle attenuation, with individual crewmember data points overlaid. Determined from pre- and post-flight manually segmented CT scans of the L2 region. *p < 0.05.
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FIGURE 4. Average percent changes (with standard error bars) in crewmember psoas, quadratus lumborum, and paraspinal muscle fat infiltration mask volume, with individual crewmember data points overlaid. Determined from pre- and post-flight manually segmented CT scans of the L2 region.
 

In the subset of individuals with functional fitness assessment test results available, no significant correlations between changes in lumbopelvic muscle volumes or attenuation values were observed with linear regression. However, there were some significant correlations found with lumbopelvic muscle changes when regressed against in-flight iRED and CEVIS use, but not TVIS use.

A significant regression equation to predict total lumbopelvic muscle volume percent change based on the average number of daily iRED workouts while on ISS missions was found (R2 = 0.72, p < 0.05). Crewmembers were shown to have a 2.4% improvement in lumbopelvic muscle volume retention for each additional weekly iRED workout performed. Crewmembers who used iRED twice a week were found to have about an 11% decrease in lumbopelvic volume, whereas those who used iRED six times a week were found to have about a 2% decrease in lumbopelvic volume. Similar positive correlations based on iRED exercise frequency were found for paraspinal muscle volume but not for quadratus lumborum or psoas muscle volumes (Figure 5). No trends in muscle attenuation were seen with regard to iRED workout frequency.
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FIGURE 5. Linear regression models for total lumbopelvic (A), paraspinal (B), psoas (C), and quadratus lumborum (D) muscle volume change based on average number of iRED workouts/day while on ISS mission.
 

A significant regression equation to predict paraspinal muscle attenuation percent change based on the average time spent using CEVIS while on ISS missions was found (R2 = 0.90, p < 0.004). Crewmembers were shown to have a 1.3% decrease in paraspinal muscle attenuation for each daily minute spent using CEVIS. Crewmembers who used CEVIS for 5 min/day were found to have about a 5% increase in paraspinal muscle attenuation, whereas those who used CEVIS for 20 min/day were found to have about a 14% decrease in paraspinal muscle attenuation. Similar negative correlations based on CEVIS exercise duration were found for percent changes in muscle attenuation of the quadratus lumborum and psoas muscles (Figure 6). No trends in muscle volumes were seen with regard to CEVIS workout frequency.
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FIGURE 6. Linear regression models for paraspinal (A), psoas (B), and quadratus lumborum (C) muscle attenuation change based on average minutes spent of CEVIS per day while on ISS mission.
 



DISCUSSION

The results of this study support the consensus that long-duration spaceflight is detrimental to the overall lumbopelvic muscle volume in astronauts. The study shows the degree to which different lumbopelvic muscles are affected after the implementation of iRED. It is noteworthy that these iRED-era missions had less severe muscle volume degradation than seen in prior studies (LeBlanc et al., 2000), and that the declines in paraspinal musculature and lack of changes to the psoas are in agreement with results from bed-rest studies (Cao et al., 2005). It is also noteworthy that linear regressions found iRED workouts preserved lumbopelvic muscle volume. Although the paraspinal muscles are still experiencing degradation in space, the volume of muscle degradation has been effectively halved. The psoas muscle is no longer experiencing significant levels of degradation. This may be explained by its function as a hip flexor compared to the paraspinal and quadratus lumborum muscles, which function as posture stabilizers. This discrepancy in degradation of hip flexors and posture stabilizers may indicate that workout equipment is not adequately targeting the muscles responsible for stabilizing the lumbar spine. Loss in these muscles may leave astronauts more susceptible to lumbar injury after spaceflight.

In addition to the volumetric changes exhibited in the muscles responsible for postural stability, the results demonstrate a potential increase in lipid deposition in these muscles. Both the paraspinal and quadratus lumborum muscles exhibited a significant decrease in muscle attenuation. CT muscle attenuation is affected by IMAT. Previous studies have shown that a 1 HU decrease in muscle attenuation corresponds to a 0.01 g ml−1 increase in muscle lipid concentration (Goodpaster et al., 2000). This means that approximately 3 HU decrease seen in the quadratus lumborum muscles corresponds to more than 0.03 g ml−1 increase in their lipid concentration as a result of prolonged microgravity. A linear regression found that crewmembers spending more time on CEVIS had higher decreases in muscle attenuation. This may indicate that CEVIS is not activating the lumbopelvic musculature in ways to prevent lipid deposition in the muscle fibers. However, it is also possible that this attenuation from CEVIS use is due to a tradeoff in which crewmembers spending more time on CEVIS have less available time to use other in-flight exercise equipment. Studies have found a direct relationship between muscle attenuation and muscle strength even when controlling for cross-sectional area (Goodpaster et al., 2001; Visser et al., 2002). Similarly, many studies have shown an increase in skeletal muscle lipid deposition with age (Ryan and Nicklas, 1999) and with muscle-wasting diseases (Jones et al., 1983; Liu et al., 1993).

The decreases in both muscle volume and quality found in this study may contribute to a decrease strength in lumbopelvic musculature that places crewmembers at risk for injury following spaceflight. Spinal injuries and pain are one of the most common post-flight injuries (Ramachandran et al., 2018). Longitudinal studies of astronauts and matched controls have found a 4.3 times increased incidence of herniated nucleus pulposus in the astronaut population, occurring in 44 of 321 (13.7%) of astronauts (Johnston et al., 2010). In the first-year post-flight, the risk of herniated cervical nucleus pulposus is 35.9 times higher in astronauts than controls (Johnston et al., 2010). Recent studies have found an association between spinal muscle atrophy and decreased lumbar lordosis that can lead to an increased risk of herniated nucleus pulposus (Bailey et al., 2018). These findings further underscore the potential consequences of spinal muscle atrophy quantified in this study, as the decreased strength of lumbar musculature may increase the risk of herniated nucleus pulposus. It is important to highlight the lack of association between the lumbopelvic muscle changes in this study and the crewmembers’ trunk extension peak torque values. It is very likely that with a sample size of 6 individuals, associations that may exist between lumbopelvic muscle changes and functional fitness assessments were not adequately powered.

In-flight countermeasures are of great importance in preventing post-flight injuries (Sayson et al., 2013). However, iRED and its replacement (aRED) lack exercise protocols that mimic spine loading on Earth (Sayson et al., 2013), which may explain why spinal pain has yet to be eliminated with the use of such equipment (Laughlin et al., 2016). NASA’s Astronaut Strength, Conditioning, and Rehabilitation (ASCR) team is continually focused on improving both in-flight exercise regimens as well as post-flight rehabilitation to prevent spinal injuries. While the results of this study demonstrate improvement to the lumbar musculature during the iRED-era, the lumbar musculature was still degrading in comparison to pre-flight values. These declines highlight the continued importance of the ASCR team to aid in the maintenance of muscle health in order to offset in-flight deconditioning and promote a shorter re-conditioning period (LeBlanc et al., 2002, 2013; Zhang et al., 2011; Smith et al., 2012; Lloyd et al., 2015; MacNabb et al., 2016; Lang et al., 2017; Ramachandran et al., 2018). Future studies should look at the effects of the newer aRED on lumbopelvic musculature to determine its efficacy over the retired iRED.

Study limitations include a small sample size (n = 16 for muscle changes and n = 6 for fitness data). However, there were only 19 crewmembers on ISS missions during the data collection period. Furthermore, the sample included mostly men, with only one female participant. However, there were only two female ISS crewmembers during the data collection period. Another limitation to the scans was the small region of interest, which only spanned the L1–L2 vertebrae. The physiologic changes to the entire muscle were characterized by the changes experienced at the level of the L2 vertebral body. However, the paraspinal muscles run the entire length of the spine, the psoas runs the entire length of the lumbar spine as well as the entire pelvic region, and the quadratus lumborum runs the entire length of the lumbar spine. Previous literature has shown that measurements taken at the belly (site of maximal cross-sectional area) of a muscle can be used to predict overall muscle volume (Albracht et al., 2008). However, the L1–L2 region is closer to the origin/insertion locations of these muscles and may not entirely capture the significance of changes in these muscles.



CONCLUSIONS

Using pre- and post-flight CT scan analysis, we quantified changes in lumbar musculature in crewmembers of long-duration space missions during the iRED era. Through countermeasures including resistive exercise training (e.g., iRED), crewmembers are effectively combating structural deterioration of the lumbopelvic muscles. While these measures appear to have eliminated degradation in the psoas muscles, there are still deleterious effects in the quadratus lumborum and paraspinal muscles. This may leave crewmembers susceptible to back injuries on re-entry and in the months following spaceflight. Future studies should focus on targeting muscles responsible for postural stability in microgravity to prevent their degradation while on missions.
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Spontaneous changes in gravity play a significant role in interplanetary space missions. To preserve the astronauts’ capability to execute mission-critical tasks and reduce the risk of injury in transit and on planetary surfaces, a comprehensive understanding of the neuromuscular control of postural responses after balance deterioration in hypo- or hyper-gravity conditions is essential. Therefore, this study aimed to evaluate the effect of acute gravitational variation on postural adjustments in response to perturbations. Gravitational changes were induced using parabolic flight. Postural set was manipulated by randomly providing unilateral left, bilateral or split perturbations which require balance corrections to restore postural stability. In six subjects, postural reactions were recorded after anterior and posterior surface perturbations for progressively increased gravitational conditions spanning from 0.25 to 1.75 g. Ankle and knee joint kinematics and electromyograms (EMG) of eight leg muscles were recorded prior (PRE) and after perturbation onset. Muscle activation onset latencies and amplitudes in the short-, medium-, and long-latency responses (SLR, MLR, LLR) were assessed. Results demonstrate an increased muscle activity (p < 0.05) and co-contraction in the lower extremities (p < 0.05) prior to perturbation in hypo- and hyper-gravity. After perturbation, reduced muscle onset latencies (p < 0.05) and increased muscle activations in the MLR and LLR (p < 0.05), concomitant with an increased co-contraction in the SLR, were manifested with a progressive rise in gravity. Ankle and knee joint deflections remained unaffected, whereas angular velocities increased (p < 0.05) with increasing gravitation. Effects were more pronounced in bi- compared to unilateral or split perturbations (p < 0.05). Neuro-mechanical adaptations to gravity were more distinct and muscle onset latencies were shorter in the displaced compared to the non-displaced leg. In conclusion, the timing and magnitude of postural reflexes involved in stabilization of bipedal stance are gravity-dependent. The approximately linear relationship between gravity and impulse-directed EMG amplitudes or muscle onset latencies after perturbation indicates that the central nervous system correctly predicts the level of gravity. Moreover, it accurately governs contractions in the antigravity musculature to counterbalance the gravitational pull and to regain upright posture after its disturbance. Importantly, unilateral perturbations evoked fast reflex responses in the synergistic muscles of the non-displaced contralateral leg suggesting a synchronized inter-limb coordination mediated by spinal circuitries.
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INTRODUCTION

The control of bipedal posture and gait and the capacity to regain equilibrium after its deterioration in variable environments is a crucial prerequisite for the success of future manned space discovery (White and Averner, 2001). Surface space walks on the neighboring planets and exploratory activities (Minetti, 2001) require a safe control of the habitual orthograde postural equilibrium with a high demand on the central nervous system (CNS) to immediately adapt muscle forces in accordance with gravity (Mergner and Rosemeier, 1998). With a range from 0 g up to 2 g, scenarios of interplanetary space travel within our solar system will expose humans to habitats where it is imperative to sustain great forces (Ritzmann et al., 2015) or deal with low friction and slippery ground surfaces (Minetti, 2001; Pavei and Minetti, 2016).

In recent debates, scientists have postulated the gravity sensitivity of bipedal stance and gait (Mergner and Rosemeier, 1998; Minetti et al., 2012a). Simulation studies exposing humans to changes in gravity used partial or additional weight-bearing (Hwang et al., 2011; Freyler et al., 2014), water buoyancy (Minetti et al., 2012a) and hypo- or hyper-gravity (Miyoshi et al., 2003). These experiments determined that spontaneous changes in gravity have a significant impact on posture and movement control associated with changes in joint torque (Mergner and Rosemeier, 1998) and neuromuscular activity (Ali and Sabbahi, 2000; Miyoshi et al., 2003). Assuming a constant mass, weight (force) is proportional with gravity (acceleration) based on the equation F = m∗a. Thereby, adaptations in somatosensory feedback (Layne et al., 2001) and compensatory reflex activation have been found (Nakazawa et al., 2004; Ritzmann et al., 2015). To date, there is scarce scientific evidence regarding neuromuscular recovery responses to sudden perturbations in such unknown gravity conditions (Ritzmann et al., 2015).

On Earth, gravity provides the reference for spatial orientation that is sensed by the otolith organs and indirectly by the somatosensory system (Nashner and Berthoz, 1978). Studies dealing with compensatory postural responses in fall situations showed that reflexive muscle activations provide appropriate joint torques for an immediate re-stabilization of the center of mass (COM) (Taube et al., 2008). This physiological model is characterized by phase-specific reflex components defined as short- (SLR), medium- (MLR), and long-latency responses (LLR) following the onset of perturbation, indicating different control levels within the CNS that govern the reflectory activation (Horak and Nashner, 1986; Jacobs and Horak, 2007). The temporal distinction of these responses, meaning their onset latency and modulation capacity on specific levels within the CNS, is of functional significance for human stance control (Taube et al., 2006). For instance, slight postural disturbances (i.e., small ankle joint rotations) are compensated by immediate, non-functional monosynaptic stretch reflex responses in the SLR (Gollhofer and Rapp, 1993). Thereby, fast length changes within the muscle elicited by the perturbation of the surface are detected by the muscle spindles and subsequently evoke a muscular response occurring 30–50 ms after perturbation onset (Honeycutt et al., 2012). However, those quick responses are mostly unfunctional, as they are mainly controlled spinally and hence occur too fast to be modulated by supraspinal areas (Dietz, 1992). Studies investigating stance perturbations could further demonstrate that functionally crucial muscle activation (>65 ms after onset, MLR and >85 ms after onset, LLR) occurs when the COM is shifted away from the vertical provoking a quite challenging postural instability (Dietz et al., 1989a, 1991; Gollhofer et al., 1989). Those reflex responses are supposed to be attributed to polysynaptic reflexes via II-afferents, and it is assumed that the CNS intervenes in the spinal pathway by integrating a central control from supraspinal levels to modulate the muscular response appropriately (Jacobs and Horak, 2007; Tokuno et al., 2009).

To control the entire body, neuromuscular activity is synchronized by inter-limb coordination in gait and stance control (Dietz and Berger, 1984; Berger et al., 1987). This is true for bilateral postural disturbances induced by mechanical perturbations, but surprisingly has also manifested for synergistic muscles of both legs when exposed to single mono-lateral perturbations (Dietz et al., 1989a; Habib Perez et al., 2016). This temporal synchronization of electromyograms from each limb in the orthograde stance emphasizes the integrity of the CNS in utilizing contralateral contribution for regulation of the COM within its base of support by producing a symmetric agonistic activation in both limbs (Dietz et al., 1989a). In addition to the ipsi- and contralateral muscle synergies, authors postulate the interplay of antagonistic muscles encompassing the joints of the lower extremity in determination of the quality and safety of postural equilibrium (Rosa, 2015). An increased antagonistic co-activation has been observed to be a major factor in reducing the range of motion (Ritzmann et al., 2015) while mechanically stabilizing joints as a safety and injury prevention mechanism (Tucker et al., 2008; Nagai et al., 2013).

Contradictory results have been observed regarding the timing (Dietz et al., 1989b; Poyhonen and Avela, 2002) and magnitude of reflex responses (Nomura et al., 2001; Nakazawa et al., 2004) Findings in kinematics and intra- and inter-limb coordination are heterogenous as well (Phadke et al., 2006; Hwang et al., 2011). Therefore, despite the substantial number of articles related to this subject, the underlying neuromuscular mechanisms in view of bi-pedal leg coordination and their functional consequences for the control of posture are poorly understood. It is emphasized that differing methodologies among the gravity-simulating studies may have caused confounding effects such as changes in friction (Dietz et al., 1989b), artificial stabilization (Freyler et al., 2014), hydrostatic pressure (Thornton et al., 1992), and inertia (Mergner and Rosemeier, 1998) leading to a reduced validity or reliability between the measurements (Dietz et al., 1992). To minimize this overlap, auspicious test conditions can be achieved in space-like environments by a gradual change of gravitational force itself in parabolic flights (Mergner and Rosemeier, 1998; Pletser et al., 2012).

The purpose of this study was to elucidate the gravity-dependence of bipedal human stance based on the physiological model of recovery responses to external perturbation. With reference to Dietz et al. (1989a), we set an emphasis on the timing and magnitude of neuromuscular responses coupled with their topographic distinction related to the functional significance of inter-limb coordination (Habib Perez et al., 2016). For that purpose, we recorded electromyograms in the upper and lower limb muscles (Taube et al., 2008), as well as kinematics of both limbs during translational surface perturbations of different modes (physics of bi-, unilateral and split perturbations) during parabolic flight including partial gravity levels. It was hypothesized that acute changes in gravity affect the postural response after perturbation and is required to anticipate neuromuscular control in timing and magnitude. We expected that a gradual increase in gravity from 0.25 to 1.75 g would result in a gradual increase in limb muscle activation intensities and faster muscle onset latencies in response to the perturbation stimulus. We further expected that a phase- and leg-specific reflex adjustment would compensate for the changes in gravitational loading. Three sub-hypotheses have been derived with reference to Dietz et al. (1989a) and Ritzmann et al. (2015): we expect (1) the MLR and LLR to be most affected by changes in gravity, (2) a distinct inter-limb synchronization of neuromuscular activation in response to perturbation and (3) an increase in antagonistic co-activation below and above 1 g.



MATERIALS AND METHODS

Subjects

Six subjects (two females, four males, height 173 ± 6 cm, body mass 66 ± 8 kg, age 33 ± 8 years old) participated in this study. All participants gave written informed consent to the experimental procedure, which was in accordance with the latest revision of the Declaration of Helsinki and approved by the French authorities responsible for the protection of subjects participating in biomedical research (DEMEB of the AFSSAPS) as well as the ethical committee of the University of Freiburg (89/12). The participants underwent two obligatory medical investigations and were healthy with no previous neurological irregularities or injuries of the lower extremities. Exclusion criteria were pregnancy, sickness, injuries, vestibular or proprioceptive dysfunction, fear of flying, previous surgeries on the left or right leg, neurodegenerative diseases or single events associated with neural dysfunctions and an age >41 years.

Study Design

A single-group repeated-measures study design was used to examine differences between postural responses to perturbations in Earth gravity (1 g) with those delivered in hypo- (0.25 g, 0.5 g, and 0.75 g) and hyper-gravity (1.25 g, 1.5 g, and 1.75 g) on the basis of leg joint kinematics and electromyograms (EMG) of lower limb muscles (Figure 1). Measurements were performed barefoot on a two-belt treadmill which generated either bi-lateral or unilateral left or split perturbations separated by 3–5 s breaks. Prior to perturbations, subjects stood upright with knee and hip joint extended, arms hanging at the lateral sides and weight equally distributed over both feet.
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FIGURE 1. Examples of bilateral (Left), unilateral left (Middle), and split (Right) perturbations illustrated by a representative subject. At the top, the trajectory of the platform displacement is illustrated. Below illustrates modulations of the rectified and averaged electromyograms (EMG) of the shank muscles M. soleus (SOL), gastrocnemius medialis (GM) and tibialis anterior (TA) as well as angle and knee joint excursions (bottom) for three gravity conditions that denote hypo-gravity (0.5 g, light gray) Earth gravity (1 g, dark gray) and hyper-gravity (1.5 g, black). Data comprises the means from a minimum of five perturbations for each gravity level. The vertical dashed line indicates the onset of the mechanical displacement. Also marked are the relevant EMG phases: pre-activity (PRE) -100–0 ms before perturbation onset, SLR 30–60 ms, MLR 60–85 ms and LLR 85–120 ms after perturbation onset. Muscular activity progressively increased while muscle activation onset latencies shortened with increasing gravity.



The order of the recordings in 1 g, hypo- and hyper-gravity was pseudo-randomized between subjects to control for confounding effects such as habituation. Fatigue was avoided by rest pauses (∼2 min) in between the parabolas.

Before the measurements, subjects performed three isometric maximal voluntary contractions (MVCs) for each recorded muscle, according to Wiley and Damiano (1998) and Roelants et al. (2006); the trial with the highest EMG was used for data normalization. The MVCs were executed against resistance for 3 s with recovery pauses of 1 min between trials and repetitions. Body position during MVCs was strictly controlled and supervised through goniometric recordings with standardized knee and hip joint angles by the authors. Antagonistic muscle activation was monitored, and trials were repeated when antagonists were activated.

Parabolic Flights

Gravitational transition was induced using parabolic flight. The experiments were conducted aboard the ZERO-G aircraft (Novespace, Bordeaux, France) during the 1st International Space Life Sciences Working Group Parabolic Flight Campaign (IPFC). This campaign comprised three flight days; each flight lasted 3 h and comprised 31 parabolas for experimentation. Per flight two subjects were measured for 15 parabolas each. The course of one parabola is illustrated in Figure 2. The partial gravity periods were embedded within two hyper-gravity (1–1.8 g) periods lasting approximately 15–20 s, wherein 10 parabolas included 24-s of 0.25 g, 10 parabolas included 35-s of 0.5 g and 10 parabolas included 55-s of 0.75 g.
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FIGURE 2. The parabolic flight maneuver and corresponding gravity levels. The level flight (1 g) becomes a steep climb flight inducing hyper-gravity (1.1–1.8 g), followed by hypo-gravity (0.25, 0.5, or 0.75 g) and another hyper-gravity phase before returning to a level flight (1 g), also comprising the respective transition phases between 1 and 1.8 g as well as between the respective hypo-gravity levels and 1.8 g. The maneuver was repeated 31 times in a random order for each of the three flight days. The different gravitational conditions were clustered into equidistant intervals and neuromuscular control and joint kinematics were assessed after surface perturbations.



Before each flight day, two participants were prepared for the measurements and were given a sex-weight-based injection of 0.2–0.7 ml of Scopolamine 30 min before takeoff to prevent motion sickness (Ritzmann et al., 2016).

Perturbations

Sudden and unexpected acceleration impulses were applied independently to the two belts of the treadmill (physical parameters in Table 1). Five different modes of perturbations were elicited in a random order according to Dietz et al. (1989a): (1) simultaneous bilateral anterior perturbation, (2) simultaneous bilateral posterior perturbation, (3) unilateral anterior perturbation on the left leg only, (4) unilateral posterior perturbation on the left leg only, and (5) simultaneous bilateral perturbation in opposing directions. For data analysis, perturbations 2, 4, and 5 were used (Figure 3A). The anterior perturbations (1, 3) were applied for the purpose of randomization in order to minimize preparation possibilities for the subjects. As they had to prepare for balance disturbances coming from either anterior or posterior, the initial stance position had to be neutral. The five perturbation modes were applied in random order during seven gravity levels (0.25 g, 0.5 g, 0.75 g, 1 g, 1.25 g, 1.5 g, and 1.75 g). The randomization sequence of the perturbations was performed by software (Labview, Imago, Pfitec, Freiburg). Per g-level, we recorded six to eight perturbations for each of the three analyzed perturbation modes for each subject (Figure 4). Hence, we in total recorded approximately 280 perturbations per subject. The mechanical displacement was assessed by a potentiometer (sampling frequency 1 kHz). Subjects wore a safety harness for fall avoidance which was attached to the aircraft ceiling.

TABLE 1. Physical parameters of treadmill perturbations.
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FIGURE 3. (A) Depiction of the perturbation protocols which were used for analysis as well as (B) the means of the electromyograms (EMG) during the medium- and long-latency responses (MLR and LLR) for the plantarflexors [M. soleus (SOL) and M. gastrocnemius medialis (GM)] of the left leg and right leg displayed for the seven gravity levels that span equidistant from hypo- to Earth to hyper-gravity. The MVC normalized iEMG (nEMG) is further normalized to the reference values obtained during the measurements in 1 g. Independent of the postural set (bi-, unilateral left or split perturbation), neuromuscular activity increased progressively with increasing gravity. Note that particularly high gravity levels (>1.5 g) may have led to an inhibition of the neuromuscular activity as shown by the decline in EMG for SOL. The p-value refers to the Friedman Test; [image: image] displays the effect sizes.
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FIGURE 4. Flow diagram describing the study design with the steps from enrollment to the randomized perturbation modes applied in seven different gravity levels to the analysis. Every subject performed six to eight repetitions under identical conditions (perturbation mode and g-level) and the mean value of these repetitions per subject and g-level were calculated. This mean value was then used for the Friedman test; the statistics for the respective g-levels were calculated separately for all recorded muscles of the left and right leg, phases and perturbation modes with n = 6 subjects. The anterior perturbations (gray background) were only applied for randomization purposes and were not included in the analysis.



Selection of Gravity Levels and Trial Criteria

The g-level was monitored by an accelerometer (sampling frequency 1 kHz). For each subject, we recorded five parabolas per hypo-gravity level (0.25 g, 0.5 g, and 0.75 g). Further, for each of the five parabolas, the two hyper-gravity phases as well as the transition phases (Figure 2) were used to record the postural reactions in the hyper-gravity levels (1.25 g, 1.5 g, and 1.75 g). Measurements during steady flight served as a reference in 1 g.

We applied two standardized selection criteria to consider the trial as a valid one without postural interference beyond the mechanical surface translation itself due to pilot, weather or aircraft factors: First, the g-data were extracted for the predefined g-level and needed to lay within boundaries of ±0.1 g for a time interval of 350 ms (from 100 ms prior to until 250 ms after perturbation onset, Dietz et al., 1989a). If the flight maneuver was instable due to turbulences on the vertical plane or the boundaries of 0.1 g were exceeded, the perturbation trial was excluded. Second, the initial stance position of the subjects prior to each perturbation determined by the COM position was controlled by a camera [sampling frequency 60 Hz (GoPro, HERO 3, San Mateo, CA, United States)]. If the COM trajectory in the horizontal plane was not within the acceptable bounds of the 90% confidence interval (CI) from trials assessed in 1 g obtained as reference values, the trial was excluded as the initial starting position was considered to be unstable throughout changes in aircraft thrust. In total, we had to exclude nine trials within all six subjects based on one of the aforementioned criteria.

Outcome Measures

Electromyography (EMG)

Bipolar Ag/AgCl surface electrodes (Ambu Blue Sensor P, Ballerup, Denmark, diameter 9 mm, center-to-center distance 34 mm) were placed over the musculus soleus (SOL l), gastrocnemius medialis (GM l), tibialis anterior (TA l), vastus medialis (VM l) and biceps femoris (BF l) of the left leg and over the musculus soleus (SOL r), gastrocnemius medialis (GM r) and tibialis anterior (TA r) of the contralateral right leg. The longitudinal axes of the electrodes were in line with the presumed direction of the underlying muscle fibers. The reference electrode was placed on the patella. Interelectrode resistance was kept below 2 kΩ by means of shaving, light abrasion and degreasing of the skin with a disinfectant. Procedures were executed according to SENIAM (Hermens et al., 2000). The EMG signals were transmitted via shielded cables to the amplifier (band-pass filter 10 Hz to 2 kHz, 200× amplified) and recorded with 1 kHz (A/D-conversion via a National Instruments PCI-6229 DAQ-card, 16 bit resolution).

Kinematics

Ankle (dorsiflexion and plantarflexion) and knee (flexion and extension) joint kinematics of the left as well as the contralateral leg in the sagittal plane were recorded by electro-goniometers (Biometrics, Gwent, United Kingdom). The ankle goniometers were fixed at the lateral aspect of the ankle, with its movable endplates attached parallel to the major axis of the foot, in line with the fifth metatarsal, and the major axis of the leg, in line with the fibula. The knee goniometers were placed over the lateral epicondyle of the femur, with one endplate attached to the shank, aligned to the lateral malleolus of the fibula and the other to the thigh, aligned to the greater trochanter. The knee angle was set to zero at 0° during normal upright stance, and joint flexion was reflected by an angle >0°. An angle of 90° between the fifth metatarsal and the fibula corresponded to a 90° ankle angle; an angle >90° reflected plantarflexion. Signals were recorded with a sampling frequency of 2 kHz.

To control the starting position before each perturbation, we monitored the vertical COM projection with 2D video recordings at a distance of 3 m from the treadmill perpendicularly to the sagittal plane (Gambelli et al., 2016). The vertical COM projection was determined using the software SIMI Motion (Unterschleißheim, Germany). Markers were taped on the participants’ skin on the anatomical landmark iliac crest representative for the COM.

Data Processing

The joint angles were determined at the onset of perturbation, and the angular joint excursions (°) were calculated from onset of perturbation until 250 ms after the onset. The angular velocity of joint excursions was assessed as follows: vjoint = x∗t with x describing the displacement [°] and t the time to maximal excursion [s] in a timeframe of 0–210 ms.

EMG signals were rectified, averaged, integrated (iEMG) and time-normalized for four time intervals, based on previously reported onset latencies and durations of the reflex components (Lee and Tatton, 1975; Marsden et al., 1978; Sinkjaer et al., 1999): the pre-activation phase (PRE, -100–0 ms before perturbation), the SLR (30–60 ms after perturbation), MLR (60–85 ms after perturbation) and LLR (85–120 ms after perturbation) (Hobara et al., 2008; Taube et al., 2008; Zuur et al., 2010). These integrals were normalized to the MVC of the corresponding muscle. Furthermore, antagonistic co-activation of TA and SOL (TA_SOL), TA and GM (TA_GM) and VM and BF (VM_BF) were calculated for the pre-activation phase for both legs (Hoffrén et al., 2011). Furthermore, muscle activation onset latencies of each muscle after the perturbation were identified as the first burst >2 standard deviations above the baseline EMG and displayed in ms (Henry et al., 1998).

All data were averaged for identical perturbation modes.

Statistics

Data are presented as means ± standard deviations (SD) for each g-level. We used a two-step procedure (Figure 4): first, as every subject performed six to eight repetitions under identical conditions (perturbation mode and g-level), we calculated the mean value of these repetitions per subject and g-level for data reduction. Second, this synthesized mean value per subject and g-level was used for the Friedman test. The statistics for the respective g-levels were calculated separately for all recorded muscles of the left and right leg, phases and perturbation modes with n = 6 subjects. Standard errors (SEs) were calculated across gravity levels.

To evaluate kinematic and neuromuscular modulations in response to changes in gravitational loading [gravity (7)], the Friedman Test was used for n = 6 subjects. The dependent variables were the onset latencies and EMGs normalized to MVC for PRE, SLR, MLR, and LLR for the eight recorded muscles of the lateral and contralateral leg as well as ankle and knee joint excursions and velocities. The level of significance was set to P = 0.05. The false discovery rate was controlled according to the Benjamini-Hochberg-Yekutieli method, a less conservative but still stringent statistical approach conceptualizing the rate of type I errors (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2005). Partial eta squared ([image: image]) was also used as an estimate of the effect size [[image: image] < 0.01 small, 0.01 ≤[image: image] ≤ 0.06 medium, 0.24 < [image: image] large effect size (Cohen, 1973)].

Bivariate, two-tailed Pearson correlation analyses were conducted to determine the strength of linear relations between the two variables joint velocities and the neuromuscular activity in the reflex phases MLR and LLR, for the muscles SOL and GM, respectively. Furthermore, to compare correlations from dependent samples obtained in the seven progressively increasing gravity levels, correlation coefficients (r0.25, r0.5, r0.75, r1, r1.25, r1.5, and r1.75) were converted into a z-score using Fisher’s r-to-z transformation (Steiger, 1980). Subsequently, the asymptotic covariance of the estimates was computed according to Steiger (1980).

Equivalence statistics were used to determine if the physics of the treadmill perturbations were statistically equal between the gravity levels below and above 1 g compared to 1 g. For this purpose, the 95% CI was calculated for the differences between 1 g and respective gravity level. If the CI lay within the acceptable boundaries (which were determined based on the variance within the 1 g data set (Borman et al., 2009) the differences were statistically equal and the respective parameter was marked with a ≈ symbol.

All statistical analyses were conducted using SPSS 24.0 software (SPSS, Chicago, IL, United States) and calculators from Lee and Preacher (2013).



RESULTS

In all gravity levels and for all perturbation modes, subjects succeeded to regain their postural equilibrium after the mechanical perturbation. There was no trial, in which subjects needed to be secured or were falling.

Physics of Treadmill Perturbation

The treadmill displacement, its maximum speed, the acceleration of the treadmill and the impulse duration for the bilateral, unilateral, and split perturbations are displayed in Table 1. The physics were statistically equal between the three perturbation conditions over the seven progressively increased gravity levels.

Neuromuscular Activity

Means of the EMG amplitudes in the recorded shank and thigh muscles are displayed in Tables 2–4. Mean rectified EMG signal traces of a representative subject are given in Figure 1. Results demonstrate an increased muscle activity in the lower extremities (p < 0.05) prior to perturbation in hypo- and hyper-gravity.

TABLE 2. Bilateral posterior perturbation for seven gradually and equidistantly increasing g-levels.

[image: image]

TABLE 3. Unilateral left posterior perturbation for seven gradually and equidistantly increasing g-levels.

[image: image]

TABLE 4. Split perturbation (left leg anterior and right leg posterior) for 7 gradually and equidistantly increasing g-levels.

[image: image]

After perturbation, compensatory neuromuscular responses in the leg musculature to external stimuli were gravity-sensitive. With progressively increased gravitation the neuromuscular activity increased. This was true for all three modes of perturbation (Table 1) and leg segments, and independent of the muscle’s function distinguished by flexors or extensors (Tables 2–4). As such, the neuromuscular activation intensity increased significantly and gradually as a function of gravity (Figures 1, 5). This increase was phase-specific, more pronounced for MLR and LLR (Figure 3) and less visible in the SLR. The M. soleus and M. gastrocnemius medialis were most affected by changes in gravity. In a few muscles, the rise in EMG amplitudes reached saturation and showed an asymptotic behavior or even a minor decline in the highest gravity level (>1.5 g). During unilateral left surface perturbations, the contralateral musculature of the non-displaced leg demonstrated a significant increase in neuromuscular activity with increasing gravity indicating an interlimb-synchronization for the MLR and LLR.


[image: image]

FIGURE 5. Muscle activation onset latencies for the plantarflexors [M. soleus (SOL) and M. gastrocnemius medialis (GM)] and the dorsiflexor [M. tibialis anterior (TA)] displayed for the seven gravity levels that span from hypo- to Earth to hyper-gravity. Values are displayed in ms. Independent of the postural set (bi- unilateral left or split perturbation), onset latencies shortened progressively with increasing gravity. Note that even the contralateral non-displaced leg (right leg during unilateral left perturbations) showed EMG bursts in response to the left leg’s perturbation, however, with longer onset latencies compared to the displaced leg. N.A. denotes the muscles that were not affected by the perturbation and thus did not show onset latencies. The p-value refers to the Friedman Test; [image: image] displays the effect sizes.



Muscle Onset Latencies

Gravity-induced changes in the muscle onset latencies are illustrated in Figure 5. Activation onsets occurred only in the muscles that counteracted the perturbation stimulus. With increasing gravity, onset latencies were significantly reduced in the affected muscles involving the SOL, GM, and TA for the perturbed and not perturbed leg. The gravity-associated reduction in onset latency was also visible in the contralateral non-displaced leg, however, the neuromuscular activation in the contralateral leg was delayed as compared to the perturbed leg (p < 0.05).

Antagonistic Co-activation Prior to Perturbation Onset

Means of the co-activation in PRE of antagonistic muscles encompassing the ankle and knee joint are illustrated in Figure 6. With both increasing and decreasing gravity above and below 1 g, the antagonistic co-activation increased significantly in the shank and thighs and equally for leg extensors and flexors prior to perturbation compared to the reference values of 1 g indicating a joint stiffening.


[image: image]

FIGURE 6. Muscle co-activation of antagonists encompassing the ankle (top and middle) and knee joint (bottom). Graphs illustrate the increase in co-activation above and below Earth gravity. Data are presented illustrate the co-activation of the M. soleus and M. tibialis anterior (SOL_TA), the M. gastrocnemius medialis and M. tibialis anterior (GM_TA) and the M. vastus medialis and M. biceps femoris muscles (VM_BF) for the left leg during the pre-activation phase prior to perturbation. The p-value refers to the Friedman Test; [image: image] displays the effect sizes.



Kinematics

Means of the ankle and knee joint kinematics are displayed in Table 5. Mean signal traces of the ankle and knee joint excursions of a representative subject collected from a minimum of five perturbations for each gravity level are provided in Figure 1. Ankle and knee joint position at perturbation onset and maximal joint defections revealed no statistical differences between the gravity levels. The vjoint of ankle joint deflection increased progressively with increasing gravity (Figure 7).

TABLE 5. Kinematics for seven gradually and equidistantly increasing g-levels.
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FIGURE 7. Means of the kinematic parameters for the seven gravity levels that span from hypo- to Earth to hyper-gravity. Adaptation in peak angular excursion of the ankle joint are displayed on the top, while changes in mean angular velocities of the ankle joint are illustrated on the bottom. Whereas angular excursions showed no significant changes over time, the angular velocities progressively increased with increasing gravity. The p-value refers to the Friedman Test; [image: image] displays the effect sizes.



Correlations Between Joint Velocities and Neuromuscular Activity

A significant positive correlation was detected for the variable vjoint of the ankle with muscle activity in the SOL and GM in the reflex phases MLR and LLR for bi-lateral posterior perturbations. Corresponding graphs to illustrate bivariate correlations and correlation coefficients for bilateral perturbations are displayed in Figure 8.


[image: image]

FIGURE 8. Gravity-dependent bivariate correlations and correlation coefficients among the variable angular velocity of the ankle joint (abscissa) with the normalized EMGs of M. soleus (left leg) and M. gastrocnemius medialis (right leg) in the relevant EMG phases Medium-latency response (MLR, 60–85 ms after perturbation onset) and long-latency response (LLR, 85–120 ms after perturbation onset, ordinate) during left posterior perturbation. Findings revealed that the EMG was positively correlated to ankle joint velocity (∗ indicate significant findings p < 0.05).





DISCUSSION

With the success of re-gaining postural equilibrium after its perturbation, this study provides a major insight into the gravity-dependency of postural recovery responses after translational surface perturbations. Findings reveal increased muscle activity and co-contraction in the lower extremities prior to perturbation in hypo- and hyper-gravity. After perturbation, gradually reduced muscle activation onset latencies and increased neuromuscular activation in the MLR and LLR were manifested with a progressive rise in gravity. Neuro-mechanical adaptations to gravity were more distinct and muscle onset latencies were shorter in the displaced compared to the non-displaced leg. Ankle and knee joint deflections remained unaffected, whereas angular velocities increased with increasing gravitation. Positive correlations were manifested for angular velocities and EMG amplitudes of SOL and GM for the MLR and LLR. Effects were more pronounced in bi- compared to unilateral or split perturbations.

The regulation of human posture in our terrestrial habitat is based on a physiological model (Taube et al., 2008) that involves an accurate coordination of muscle onset and activation patterns between the two legs and their segments (Clement et al., 1984; Dietz et al., 1989a; Rosa, 2015). Slips or stumbles in particular require precise neuronal control of skeletal muscles transmitting the force to the skeleton in order to regain postural equilibrium after its deterioration. At this point, it is important to consider the role of gravity: Counteracting the gravitational force in the vertical plane and compensating for an immediate deterioration of posture control caused by COM shifts in the horizontal plane presupposes an adequate level of activation of the muscle, which may depend on the loading force (Figure 9) (Nakazawa et al., 2004; Ritzmann et al., 2015). With reference to gravitational variation, the underlying neuromechanical coupling (Mergner and Rosemeier, 1998) and its proportionality to the ankle joint torque, (Gollhofer et al., 1989) we wish to highlight three major aspects of these concepts:


[image: image]

FIGURE 9. Schematic of the gravity-dependency of the human body in the sagittal plane according to the inverted pendulum model published by van der Kooij et al. (2005) and Bottaro et al. (2008). The pendulum is inclined in the anterior direction due to a translational posterior surface perturbation. The required muscle force of the plantarflexors (red) for a repositioning of the center of mass (COM) above the base of support depends on the body mass (m), the COM height (h) above the ankle joint and the inclination angle alpha (α) with reference to the vertical. The gravity-dependent ankle joint torque Tgrav = m∗g∗h∗sin(α).



Timing and Magnitude of Neuromuscular Responses as an Adaptation to Gravity

Our findings indicate that postural perturbations can be counteracted intuitively, appropriate muscle activity can be anticipated, and segmental and COM positioning can be properly adjusted. Subjects adapted their motor control pattern progressively, even though planetary acceleration profiles differ largely between Earth, hyper- and hypo-gravity. With increasing gravity, the EMG amplitudes increased and muscle activation onset latencies diminished. This was true for all muscles counteracting the perturbation, and valid for all types of perturbation modes (Table 2) and leg segments, and were independent of muscle function distinguished by flexors or extensors (Tables 2–4). The most prominent gravity-induced adaptations were observed in the MLR, which is considered to be governed by supraspinal structures via the brain (Taube et al., 2006) (Figure 3). It is assumed that, beyond the massive increase in load, which in turn immediately increases the torques affecting the body, the altered vestibular input results in an excitatory influence exerted by the vestibular organ on muscle and tendon receptors (Lackner and DiZio, 2000). In this context, an increased vestibulo-spinal influence on the excitation of alpha and gamma motoneurons has been shown to be related with the function of the antigravity musculature (Lackner and DiZio, 1993; Kalb and Solomon, 2007). Thus, our physiological model moves functional reflexes into the focus and underlines that the gravity-adjustment under supraspinal control serves as a successful management of posture control preventing falling.

In a few distal muscles, the rise of the neuromuscular activity for MLR and LLR reached saturation and showed an asymptotic behavior or even a minor decline in the highest gravity level (>1.5 g) (Figure 3). We expect that this phenomenon could be attributed to neuronal inhibition initiated by supraspinal centers of the CNS (Dietz, 1999; Winters and Crago, 2012; Aagaard, 2018). Extreme gravity levels exceeding 2 g are difficult to tolerate and compensatory motor control in fall-simulations is even more critical in these conditions (Figure 9). We can only speculate in terms of the underlying mechanisms that may be found in a segmental shift from distal to proximal body segments, as has been previously reported (Ritzmann et al., 2015).

Neuro-Mechanical Considerations

The positive correlations between muscle activation intensities and the vjoint in the ankle emphasizes the neuromechanical coupling which may be determined by gravity (Dietz et al., 1989b; Duysens et al., 2000). As indicated by simulations that utilize the inverted pendulum model to describe the habitual orthograde human posture, ankle joint torque caused by perturbations increased proportional to the gravitational loading (Figure 9) (van der Kooij et al., 2005; Bottaro et al., 2008). With reference to the study of Dietz et al. (1989a), it is expected that the neuromuscular responses must increase proportionally to efficiently counteract the perturbation with adequate muscle force. These considerations underline the findings of the current study that highlight an interrelationship between joint mechanics and neuromuscular attributes, and could also be confirmed in experiments using water buoyancy (Dietz et al., 1989b; Minetti et al., 2012b). Within this physiological model, authors postulated the existence of a load receptor system detecting changes in gravity, allowing the integration of this sensory information within the CNS leading to an adequate adjustment of muscle responses and associated joint torques to re-gain a stable posture after deterioration (Dietz, 1998; Dietz and Duysens, 2000; Bachmann et al., 2008).

Inter-Limb Coordination

Biomechanical models highlight the importance of harmonized inter-limb coordination during perturbed or unperturbed stance (Dietz et al., 1989a) and gait in healthy populations (Russell et al., 2010; Fujiki et al., 2015). It is well in line with previous publications (Dietz et al., 1989a) that leg symmetries were not perfectly synchronous, but showed a small delay in onset latency of approximately 15 ms and slightly diminished amplitudes in the shank musculature (Figure 5). The temporal and directional synchronization of activation intensities in both limbs was shown to be paramount in the regulation of the COM within its base of support to safely maintain upright posture in bipedal stance or locomotion (Dietz et al., 1989a; Dietz, 1996; Habib Perez et al., 2016). Changes in gravity may have made the matching of contralateral movement even more important, particularly in conditions in which the subjects were exposed to high gravitation loads (>1 g). For example, unilateral left perturbations directed backward were followed by a bilateral gastrocnemius-EMG response in the left and right leg, and a forward-directed perturbation by a bilateral tibialis anterior-EMG response. However, the first EMG rise in the contralateral non-displaced leg occurred later and was smaller, thus, it may have contributed less to regain a stable posture after deterioration (Dietz et al., 1989a).

Limitation

For a conclusive statement, it is crucial to consider the limitations of the study. Three aspects are of substantial importance; the first one deals with stimulus prediction, the second one with the experimental setting in the parabolic flight and the third one with the generalization of our findings. First, although the perturbation direction, bilateralism and the duration of the pauses have been randomized among the trials (Dietz et al., 1989a), the subjects were aware that a perturbation would come. Despite the unknowledge about the perturbation characteristics, we cannot fully exclude that the subjects pre-activated or co-contracted the muscles in an effort to be prepared for any disturbance of posture control. Second, data collection has been executed during parabolic flight maneuvers. Although the order of the gravity levels has been randomized and the selection criteria for valid attempts and the gravity span have been rigorously pre-defined; parabolic flights are test flights and the time intervals for the data collection are short. They could also include small changes in gravity, which are not existent on the International Space Station. In addition, only a limited number of trials could be collected due to the restricted number of parabolas (Pletser et al., 2012). Third, although our findings highlight adaptability to various gravitation conditions, they cannot be generalized to all types of imposed motion. Besides the wearing of space suits limiting angular excursion in the limb joints (Schmidt, 2001; Gernhardt et al., 2008) and of vision-restricting helmets (Schmidt, 2001), lunar or Martian dust (Gaier, 2018), low friction coefficients (Sperling, 1970; Minetti et al., 2012b) or other surface particularities (Pavei and Minetti, 2016) are likely to impede habitual orthograde stance control on other planets as well.



CONCLUSION

In view of upcoming space missions to the Moon and Mars (Minetti, 2001), the control of posture and locomotion under variable gravitation is paramount. The findings of the current study give a unique insight into neuromuscular regulation of human orthograde stance as a function of gravity. The CNS demonstrated remarkable adaptability to compensate for the sudden deterioration of postural balance among gravity levels spontaneously switching between 0 g and 2 g. This includes the systematic up- and down-regulation of muscle activity and muscle activation onset latencies accompanied by synchronized inter-limb coordination with the success of regaining postural equilibrium in each of the recorded gravity levels.

These results are of functional relevance in view of foreseen interplanetary manned space explorations: first, by integrating habituation sessions in the Astronauts 5-years preparation process and second, by establishing new therapy and space-relevant training modalities addressing particular strategies and adaptations by means of over- or under-loading conditions (Freyler et al., 2014).
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After more than 50 years of spaceflight, we still do not know what is the appropriate range of gravity levels that are required to maintain normal physiological function in humans. This research effort aimed to investigate musculoskeletal, cardiovascular, and pulmonary responses between 0 and 1 g. A human experiment was conducted to investigate acute physiological outcomes to simulated altered-gravity with and without ergometer exercise using a head-down tilt (HDT)/head-up tilt (HUT) paradigm. A custom tilting platform was built to simulate multiple gravitational loads in the head-to-toe direction (Gz) by tilting the bed to the appropriate angle. Gravity levels included: Microgravity (-6°HDT), Moon (0.17g-Gz at +9.5°HUT), Mars (0.38g-Gz at +22.3°HUT), and Earth (1g-Gz at +90° upright). Fourteen healthy subjects performed an exercise protocol at each simulated gravity level that consisted of three work rates (50W, 75W, 100W) while maintaining a constant cycling rate of 90 rpm. Multiple cardiopulmonary variables were gathered, including volume of oxygen uptake (VO2), volume of carbon dioxide output (VCO2), pulmonary ventilation (VE), tidal volume (VT), respiratory rate (Rf), blood pressure, and heart rate (HR) using a portable metabolic system and a brachial blood pressure cuff. Foot forces were also measured continuously during the protocol. Exercise data were analyzed with repeated-measures ANOVA with Bonferroni correction for multiple comparisons, and regression models were fitted to the experimental data to generate dose-response curves as a function of simulated AG-levels and exercise intensity. Posture showed a main effect in all variables except for systolic blood pressure. In particular, VO2, VCO2, VE, VT, Rf, and HR showed average changes across exercise conditions between Microgravity and 1 g (i.e., per unit of simulated AG) of -97.88 mL/min/g, -95.10 mL/min/g, -3.95 L/min/g, 0.165 L/g, -5.33 breaths/min/g, and 5.05 bpm/g, respectively. In the case of VO2, further pairwise comparisons did not show significant differences between conditions, which was consistent with previous studies using supine and HDT postures. For all variables (except HR), comparisons between Mars and Earth conditions were not statistically different, suggesting that ergometer exercise at a gravitational stress comparable to Mars gravity (∼3/8 g) could provide similar physiological stimuli as cycling under 1 g on Earth.

Keywords: physiological dose response, artificial gravity, altered gravity, spaceflight countermeasure, head down tilt posture, upright posture


INTRODUCTION

Astronauts on space missions experience various detrimental physiological effects including (but not limited to) muscular atrophy, diminished cardiopulmonary function, and redistribution of internal fluids (Clément, 2005; Buckey, 2006). These changes can lead to orthostatic intolerance (Buckey et al., 1996b; Lee et al., 2015) and diminished exercise capacity (Levine et al., 1996) upon return to a gravitational environment. Currently, crewmembers in the International Space Station (ISS) use a series of countermeasures to attenuate these detrimental effects. For example, astronauts exercise 2.5 h a day (including set-up and cleaning time), 6 days a week, on three different exercise devices: a cycle ergometer, a treadmill, and the advance resistive exercise device (ARED) (Diaz et al., 2015a). Other countermeasures include fluid loading (Clément and Bukley, 2007), and the use of Lower Body Negative Pressure (LBNP) (Charles and Lathers, 1994). Although these countermeasures have greatly diminished the degree of deconditioning experienced during ISS missions (Smith et al., 2012; Moore et al., 2015), especially since the introduction of the ARED, (Smith et al., 2012; Petersen et al., 2016), they still require a significant amount of time and resources. Additionally, the current ISS exercise hardware suite is bulky and most likely, it will not be available in future long duration exploration missions to the Moon, Mars, and beyond due to volume, mass, and power constraints in future exploration vehicles (Ploutz-Snyder et al., 2018). Instead, smaller exercise devices that combine aerobic and resistance exercise capabilities are currently being investigated (Ploutz-Snyder et al., 2018). Thus, new approaches, potentially combining current and novel countermeasures, are likely to be needed for longer space missions in the future, especially on a trip to another planetary surface where there will not be any ground support for astronauts after landing.

Artificial gravity (AG) combined with exercise has been proposed as a multi-system countermeasure that can provide benefits to multiple physiological systems at once (Hargens et al., 2013; Paloski and Charles, 2014; Clément et al., 2016; Clément, 2017). However, the specific parameters and conditions (i.e., gravitational level, intensity, duration) under which this exercise should be ideally performed to be most effective are still unknown. More broadly, there is a lack of fundamental understanding of the relationship between gravity level (i.e., gravitational dose) and physiological response. This relationship, also known as gravitational dose-response curve, will not only contribute to determining physiological responses at Moon and Martian gravity levels, but also the gravity range in which a particular physiological response is closest to “Earth response,” and therefore the range of AG that would most likely be effective as a countermeasure (Clément, 2017).

Previous ground-based investigations on cardiopulmonary responses to ergometer exercise in altered-gravity have focused primarily on studying hypergravity conditions (>1 g), especially through the use of small radius centrifuges equipped with cycle ergometers (Bonjour et al., 2010, 2011; Diaz Artiles, 2015; Diaz et al., 2015b; Diaz Artiles et al., 2016; Diaz-Artiles et al., 2018). When hypogravity conditions (<1 g) have been investigated, most studies have been limited to small experiments in actual microgravity conditions during spaceflight that resulted in very few data points, typically less than four subjects, and they only compared 0 to 1 g conditions (Girardis et al., 1999; Trappe et al., 2006; Bonjour et al., 2011). Other studies conducted simulations on Earth that included the use of Lower Body Positive Pressure (LBPP) (Cutuk, 2006; Evans et al., 2013; Schlabs et al., 2013), parabolic flights (Pletser, 2004; Pletser et al., 2012; Widjaja et al., 2015), and head-down tilt (HDT) and head-up-tilt (HUT) paradigms (Lathers et al., 1990, 1993; Louisy et al., 1994; Pavy-Le Traon et al., 1997; Kostas et al., 2014; Baranov et al., 2016). However, few of these hypogravity simulation experiments have studied the effects of exercise (Richter et al., 2017), and those that did focused on walking and running tasks (Cutuk, 2006; Schlabs et al., 2013; Pavei et al., 2015; Pavei and Minetti, 2016), or anaerobic training (Alessandro et al., 2016).

The objective of our research is to investigate and characterize cardiovascular, pulmonary, and musculoskeletal responses (i.e., foot forces) to ergometer exercise in hypogravity conditions (between 0 and 1 g) to fill the gap between those gravitational levels. We conducted a ground-based study on healthy human subjects using a HDT/HUT paradigm to simulate hypogravity conditions on Earth (Clement et al., 2015). Specifically, we investigated the effects of multiple gravity levels (including Microgravity, Moon, Mars, and Earth) by varying posture and exercise intensities to generate gravitational dose-response curves between simulated 0 and 1 g.



EXPERIMENTAL METHODS

Subjects and Study Approval

Fourteen healthy subjects (12 males, 2 females) capable of performing 1 h of cardiovascular exercise were selected to participate in the experiment (mean ± SD, age: 23.5 ± 3.5 years; height: 177.6 ± 8.0 cm; weight: 71.9 ± 7.8 kg). Prior to the experiment, subjects were asked to complete a questionnaire designed to identify exclusion criteria such as cardiopulmonary medical conditions, recent musculoskeletal injuries, or medications that could put subjects at risk or bias the results. Subjects were also instructed to avoid exercising and to abstain from drinking caffeine the morning prior to testing. All subjects were informed about their right to withdraw from the experiment at any point and provided written informed consent to participate. The study was approved by Cornell University’s Institutional Review Board for Human Participants (protocol ID #: 1706007254).

Altered-Gravity Exercise Platform Simulator

The Altered-gravity Exercise Platform Simulator (AEPS) is a custom-built platform designed to perform cycling ergometer exercise in multiple, simulated gravitational environments. Using HDT and HUT positions, the AEPS can replicate known gravity-induced fluid shifts based on appropriate tilt angles. Thus, the platform is capable of providing a -6° HDT, a +9.5° HUT, a +22.3° HUT, and a +90° upright orientation, corresponding to Microgravity, Moon, Mars, and Earth gravitational conditions, respectively (Clement et al., 2015). In the reclined positions (i.e., Microgravity, Moon, and Mars), subjects laid on the platform and handlebars were positioned laterally on either side, to help them avoid sliding down. The handlebars had five different configurations in order to be adjustable for the subjects’ anthropometric needs. In the upright position, subjects sat on a bike seat with handlebars positioned in front of them as on a standard bike. The platform also incorporated an ergometer device (Lode BV, Groningen, Netherlands) for subjects to perform cycling exercise while exposed to the different postures (see Figure 1). If needed, the cycle ergometer was slightly adjusted to accommodate anthropometric differences between subjects.
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FIGURE 1. The Altered-gravity Exercise Platform Simulator in upright-Earth configuration (upper left), -6° HDT-Microgravity configuration (upper right), +9.5° HUT-Moon configuration (bottom left), and +22.3° HUT-Mars configuration (bottom right).



Experimental Design

A within-subject experimental design was implemented to determine the effects of artificial gravity (AG) level and exercise work rates (WR) on cardiopulmonary and musculoskeletal responses. The AG levels tested were: Microgravity (-6° HDT), Moon (+9.5° HUT), Mars (+22.3° HUT), and Earth (+90° upright). The exercise intensities tested were: 50, 75, and 100W. Every subject experienced every combination of WR and AG level (i.e., within-subject design). Each subject participated in four sessions scheduled on different days within the same week. The experimental sessions were always performed in the morning approximately at the same time to avoid possible confounding circadian effects that could influence the results. In each of the four sessions, subjects performed the same exercise protocol in a different posture. Earth configuration (i.e., upright) was always tested first in order to allow subjects to get familiar with the exercise protocol and testing equipment. Then, a counterbalanced design was used for the following three test sessions (i.e., Microgravity, Moon, Mars), meaning that subjects experienced these three AG levels in a different order to counteract potential carryover effects.

Instrumentation and Data Collection

Volume of oxygen uptake (VO2, mL/min), volume of carbon dioxide output (VCO2, mL/min), pulmonary ventilation (VE, L/min), tidal volume (VT, ml), and respiratory rate (Rf, breaths/min) were recorded continuously throughout the experiment sessions using the K4b2 portable gas analyzer (Cosmed, Srl – Italy). Prior to testing, the K4b2 main unit was warmed-up for a minimum of 45 min as instructed in the system manual. The gas analyzer was calibrated before each test using a reference gas mixture (CO2: 5%, O2: 16%; Cosmed, Srl-Italy) and the turbine was calibrated once a week with a 3000-ml syringe. The Cosmed K4b2 equipment also measured continuous heart rate data (HR) using a Polar Heart Rate monitor. Blood pressure measurements were taken every 2 min during the entire protocol using an automated brachial blood pressure (BP) monitor connected to the cycle ergometer and controlled by the Lode Ergometer Manager, Version 9.4.4 (LEM, 2013, Groningen, Netherlands) software package. Although subjects were supporting themselves via the handlebars, we asked them to relax their arm while blood pressure measurements were being taken. In addition to BP, other exercise parameters such as pedaling cadence and workload intensity were continuously measured and recorded. Additionally, foot-force data were also collected using force-plates (Vernier Software & Technology) mounted on the ergometer pedals. These sensors measured forces between -850 and +3500 N with a resolution of 1.2 N, where positive force values correspond to compression forces and negative force values correspond to traction forces. The force plates were calibrated before each experimental session. Finally, an exit survey was conducted to collect subjective data about the subjects’ experience during the exercise protocol. Questions included comfort and difficulty of exercise using a 10-point Likert scale (Comfort: 1 = very uncomfortable/ unnatural, 10 = very comfortable/ natural; Strenuousness: 1 = easy, 10 = very strenuous), as well as potential causes contributing to them. Subjects were also asked to report any muscle soreness or discomfort resulting from the platform orientation.

Exercise Protocol

The exercise protocol implemented in all experimental sessions is shown in Figure 2. Each exercise session began with a 5-min resting period in the seated position in order to obtain a physiological baseline at rest. After this first period, subjects were positioned on the platform (or sat on the bike upright for Earth configuration) and were required to rest for seven additional minutes to capture their physiological baseline in the new experimental condition. Subjects then executed the exercise portion of the testing protocol, which consisted of three different workload stages of 50W (“warm-up”), 75W (“low” intensity), and 100W (“high” intensity). All exercise stages were 7-min long. To facilitate transition between work rates and to avoid potential injuries, 30-s transition periods between stages were also included. After the exercise period, an additional 7-min resting period was included to allow subjects to partially recover from the exercise. The exercise protocol was created using the Lode Ergometer Manager, Version 9.4.4 (LEM, 2013, Groningen, Netherlands) software package provided with the ergometer, and it ran automatically without intervention from the operator. Subjects were instructed to pedal at 1.5 Hz (i.e., 90 rpm) using a metronome to avoid additional confounding factors. During the entire protocol subjects were instructed to avoid talking and making unnecessary movements that could affect data collection. Additionally, an early termination protocol was in place to ensure the safety of the subjects throughout the experiment. Termination criteria included an increase in heart rate >0.8∗(220- Subject Age), an increase in diastolic blood pressure >20 mmHg with respect to seated baseline measurements, and systolic blood pressure >230 mmHg.
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FIGURE 2. Exercise protocol implemented during each experimental session. The protocol included a baseline session in seated position (5 min), a transition period to position the subject in the desired testing configuration (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright), another period at rest to capture the new baseline in the new gravitational configuration (7 min), the ergometer exercise period (23 min including work rate transitions), and a final recovery period (7 min).



Data and Statistical Analysis

Breath-by-breath pulmonary variables (VO2, VCO2, VE, VT, Rf) were averaged over 5-s intervals, and outliers were removed using a Hampel filter (Pearson et al., 2016). In addition, a 5th order median filter was also applied to reduce noise of the signals. Each of these variables and the heart rate data (VO2, VCO2, VE, VT, Rf, HR), which were collected continuously, were averaged over the last 2 min of each protocol phase, yielding five values per variable, per subject, at each AG configuration. Blood pressure data, which were collected every 2 min, were averaged using the last two values obtained in each protocol phase. Thus, for each posture, we generated averages corresponding to the seated baseline period (BL), at rest (Rest, no exercise in the AG environment of interest), 50, 75, and 100W. To study the effect of postural changes, paired, two-sided t-tests were used to compare all cardiopulmonary (CP) variables at BL with Rest at the AG condition being studied. To study the effects of exercise at different postures, a two-way repeated measures ANOVA was implemented using AG-level (Microgravity, Moon, Mars, Earth), and workload intensity (50W, 75W, 100W) as fixed factors. The necessary assumptions including normality, homoscedasticity, and absence of outliers were checked prior to any testing, and the Greenhouse-Geisser correction was applied when the data violated the sphericity assumption (Salkind et al., 2010). Pairwise comparisons were also calculated using the Bonferroni post hoc correction.

A quadratic mixed regression model was used to generate dose-response curves between 0 and 1 g for the pulmonary variables measured:
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where yij represents the response of the variable measured for the subject i (i = 1:14) in the condition j (j = 1:16, combinations of the 4 AG levels and the 4 WR exercise intensities: 0, 50, 75, and 100W). The terms β represent the fixed effects coefficients, with β0 being the intercept. The term ui represents the random effects associated with each subject and the within-subject design. When necessary, we used the Akaike Information Criteria (AIC) to select between different regression models (Akaike, 1974). The AIC is a technique for model selection based on information theory that provides a quantitative way to estimate the quality of a model fit. The preferred model is the one that has minimum AIC among all the other models.

Maximum and minimum peak force values for the right and left foot were calculated as the average of the individual maximum and minimum peak forces for each exercise work rate at each of the simulated altered-gravity configuration, following the same methodology reported in a previous publication (Diaz et al., 2015b). Transitions between stages were not included. Data from two subjects were discarded due to problems with the foot sensors and thus, only twelve subjects were considered. A two-way repeated-measures ANOVA and post hoc pairwise comparison with Bonferroni correction were conducted to investigate the influence of altered-gravity and workload intensity. AG-levels considered in this study were Microgravity, Moon, and Mars. Earth configuration was not included due to the differences in body position and pedaling strategy between the reclined positions on the platform (i.e., Microgravity, Moon, Mars) and the Earth position, where subjects were seated on a bike saddle. These differences could lead to changes in inertial forces or pedaling effectiveness not caused by changes in the gravitational environment but changes in pedaling configuration, therefore confounding final results. Paired two-sided t-tests were used instead to compare Earth results with reclined positions (i.e., Microgravity, Moon, and Mars). Finally, a non-parametric Friedman’s test was implemented to compare the results of comfort and strenuousness in the different postures. All statistical tests were performed with IBM SPSS Statistics 25 software (IBM Corporation) and the significance level was set at α = 0.05.



RESULTS

All subjects tested were able to successfully complete the exercise protocol except for one subject, who exceeded the maximum blood pressure criteria and thus, the testing session was terminated immediately. The subject was completely excluded from the study (i.e., subject not included in the cohort of 14 subjects analyzed), and therefore any related data have not been included in the results reported in this manuscript.

Continuous responses from the cardiopulmonary variables during the different testing configurations are shown in Figure 3. Each graph contains the average cardiopulmonary responses of all 14 subjects (SE not shown for clarity) at each one of the four altered-gravity scenarios investigated (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright). Figure 3 also shows the average systolic and diastolic blood pressure (measurements taken every 2 min) of all 14 subjects during the exercise protocol for all four conditions.
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FIGURE 3. Mean cardiopulmonary responses from 14 subjects during the exercise protocol under the different altered-gravity environments (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright). The protocol includes a baseline period in the upright seated position (5 min), a transition period for the subject to get positioned in the desired testing configuration (Microgravity, Moon, Mars, or Earth), another period at rest to capture the new baseline in the new gravitational configuration (7 min), the exercise phase with three workload intensities (23 min including work rate transitions), and a final recovery period (7 min). Systolic and diastolic blood pressure measurements were collected every 2 min and not continuously as the rest of the variables.



After the 5-min baseline period, a rise in HR can be observed corresponding to the transition between the seated position and the required position according to the altered-gravity level being studied. During the exercise period, HR increased proportionally with the workload intensity as expected. VO2, VCO2 and VE responses showed a similar pattern along the exercise protocol. Abrupt increases can be observed in each transition between different workload levels followed by the establishment of a new relatively steady state in order to meet the new oxygen demand of the body. In contrast, VT and Rf showed much more noisy behavior. VT increased after every change in work rate but instead of staying constant, it showed a tendency to decrease. This phenomenon was compensated by the Rf, which increased during the entire duration of every work rate period. Despite the higher variability, both VT and Rf seemed to work closely together to maintain VE at the adequate levels.

Changes in Posture

Calculated averages for the six cardiopulmonary variables (VO2, VCO2, VE, VT, Rf, HR) and blood pressure measurements (SBP, DBP) for the seated baseline (BL) condition, and at rest (Rest) on the platform at the different simulated altered-gravity environments are summarized in Figure 4. Paired, two-sided t-tests revealed the expected significant differences in HR between seated position (BL) and all four postural conditions investigated. Thus, with respect to BL, HR decreased in all hypogravity conditions (Microgravity, Moon, Mars) where the Gz hydrostatic column is reduced, increasing central ventricular filling pressure and ventricular end-diastolic volumes (Nixon et al., 1979; Gaffney et al., 1985). However, it increased in the Earth condition due to the higher gravitational and muscular stresses that result from subjects’ exposure to 1 g while positioned on the exercise platform. VO2, VCO2, VT, VE, and DBP also significantly increased with respect to BL in the Earth configuration. Additionally, we observed significant changes in VCO2, VT, and Rf in the Microgravity condition with respect to the seated baseline. With regards to blood pressure, SBP remained fairly constant (i.e., no significant differences were observed) but DBP decreased significantly in Moon and Mars conditions due to vasodilatation, whereas it increased in Earth configuration due to vasoconstriction. DBP also decreased in Microgravity conditions but differences were not statistically significant. For completeness, we also calculated the respiratory exchange ratio (RER = VCO2/VO2), reported in Table 1, and paired two-sided t-tests results showed no significant differences between BL and Rest in any of the AG conditions.
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FIGURE 4. Cardiopulmonary variables from 14 subjects (mean ± SE) at baseline (BL, seated) and at rest (on the platform) for the different altered-gravity environments (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright). The figure highlights significant differences between BL and Rest due to changes in posture (paired t-test ∗significantly different at p < 0.05).



TABLE 1. Respiratory exchange ratio (RER=V CO2 /V O2) averages [mean (SE), including all 14 subjects] during baseline (BL, seated position), at Rest on the platform, and at each work rate of the exercise protocol (50W, 75W, 100W) at the different simulated altered-gravity positions (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright).
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Altered-Gravity and Exercise

Calculated averages for all variables measured during the different workload intensities of the exercise period are shown in Figure 5. Two-way repeated-measures ANOVAs revealed no significant interaction between AG and WR for all variables studied. Further analysis yielded significant main effects of AG-level on all variables except SBP {HR [F(1.641,21.337) = 6.148, p = 0.011], VO2 [F(3,39) = 5.838, p = 0.002], VCO2 [F(3,39) = 6.108, p = 0.002], VT [F(3,39) = 5.546, p = 0.003], VE [F(3,39) = 10.514, p < 0.0005], Rf [F(3,39) = 15.088, p < 0.0005], SBP [F(3,27) = 2.315, p = 0.098], and DBP [F(3,27) = 5.333, p = 0.005]}. Thus, our results showed that, when exercising, VO2, VCO2, VE, and Rf significantly decreased with higher levels of simulated gravity while VT and HR (except in the Microgravity condition) increased with higher gravitational stress in the Gz direction. Figure 5 also indicates post hoc pairwise comparisons, yielding significant differences between Microgravity and Moon on HR, VCO2, VE, Rf, and DBP; between Microgravity and Mars on VCO2, VE, and Rf; between Moon and Earth on VT and Rf, and between Microgravity and Earth on VE, and Rf. A similar analysis on RER, shown in Table 1, revealed significant main effects of AG-level {RER [F(3,39) = 8.396, p < 0.0005]}, followed by significant post hoc pairwise comparisons between Microgravity and Moon, and between Microgravity and Mars. No significant differences were found between Mars and Earth conditions except for HR.
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FIGURE 5. Cardiopulmonary variables from 14 subjects (mean ± SE) at different workload intensities for each of the altered-gravity environments (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright). The figure highlights significant differences between altered-gravity levels (pairwise comparisons after a 2-factor repeated measures ANOVA with Bonferroni correction, ∗significantly different at p < 0.05). Statistical differences between workload intensities, including all possible pairwise comparisons, were also found in all variables except diastolic blood pressure. For clarity, these differences are not shown in the figure.



Workload intensity was found to be a significant factor in all variables except for DBP {HR [F(1.228,15.96) = 281.1, p < 0.0005], VO2 [F(1.169,15.195) = 509.6, p < 0.0005], VCO2 [F(1.402,18.221) = 364.2, p < 0.0005], VT [F(2,26) = 31.5, p < 0.0005], VE [F(2,26) = 220.4, p < 0.0005], Rf [F(1.313,17.063) = 24.778, p < 0.0005], SBP [F(2,18) = 35.495, p < 0.0005], and DBP [F(2,18) = 0.919, p = 0.417]}. For all variables where WR was a significant factor (i.e., all except DBP), WR pairwise comparisons were also found to be statistically significant in all group combinations with no exception. Finally, concerning RER, work rate was found to be a significant factor {RER [F(2,26) = 4.936, p = 0.015}. However, when tested for pairwise comparisons we did not find significant differences between conditions.

Dose-Response Curves

The regression model coefficients applied to the cardiopulmonary data are provided in Table 2, and the statistical models fitted to the experimental data are shown in Figure 6. Only statistically significant coefficients were included in the regressions, and further interaction terms (not shown) were not significant. Similar to previous gravitational dose-response curves under orthostatic stress generated by short-radius centrifugation (Diaz-Artiles et al., 2018), results show that AG level contributes to changes in all variables, either directly (β1 and β2) or through the interaction term (β5). Figure 6 shows that generally HR and VT increase with AG, especially between Moon and Earth condition, while VO2, VCO2, VE, and Rf decrease with gravity level. As expected, workload intensity also has a prominent role in the regressions, as shown by the significant terms β3 and β4 in all variables. The positive nature of coefficient β4 indicates that all variables increase with workload intensity, and the negative coefficient β3 indicates that this increase becomes less important at higher work rates. Systolic and diastolic blood pressure dose-response curves were not included in this analysis due to poor fitting when generating the models. Blood pressure is the “regulated variable” and experimental data did not show a consistent behavior when changing postures as the other variables did. Thus, within the limits of our testing conditions, we were unable to generate appropriate dose-response curves for neither systolic nor diastolic blood pressure.

TABLE 2. Regression coefficients for cardiopulmonary variables based on the following equation: yij =β0 +[image: image]AG2 +[image: image]AG+[image: image]WR2 +[image: image]WR+[image: image]AG∗WR+ui +εij.
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FIGURE 6. Statistically significant regression models fitted to the cardiopulmonary experimental data across all conditions: four altered-gravity levels (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright) and four workload intensities (0, 50, 75, and 100W). Symbols and error bars correspond to experimental data from 14 subjects (mean ± SE) at each condition.



Foot Forces

Calculated averages for minimum and maximum right and left foot forces during the different workload intensities of the exercise period at the different simulated altered-gravity environments are shown in Table 3. No significant differences were found between right and left foot forces (between subjects’ effect two-way repeated measures ANOVA; for maximum foot forces: F(1,22) = 0.008, p = 0.927; for minimum foot forces: F(1,22) = 0.269, p = 0.609). Consequently, both feet were analyzed together.

TABLE 3. Calculated minimum and maximum foot force averages [mean (SE), including 12 subjects] during each work rate of the exercise protocol (50W, 75W, 100W) at the different simulated altered-gravity positions (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright).
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Maximum foot forces were all positive and therefore compression forces, and they are indicated in Figure 7. Statistical analysis showed a significant increase with workload intensity [F(1.288, 29.625) = 46.534, p < 0.0005] and simulated altered-gravity [F(1.583, 36.405) = 204.137, p < 0.0055]. Pairwise comparisons revealed significant differences between all work rates (p < 0.0005) and all altered-gravity conditions (p < 0.0005). Additionally, when compared to Earth’s values (paired, two-sided t-test), maximum foot forces were statistically different in Microgravity (all work rates, p < 0.0005), Moon (all work rates p < 0.0005), and Mars at 100W (p < 0.014).
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FIGURE 7. Average minimum and maximum foot forces (12 subjects, mean ± SE at different workload intensities for each of the altered-gravity environments (Microgravity 6° HDT, Moon 9.5° HUT, Mars 22.3° HUT, Earth upright). The figure highlights significant differences between altered-gravity conditions Microgravity, Moon, and Mars (pairwise comparisons after a 2-factor repeated measures ANOVA with Bonferroni correction, † significantly different at p < 0.05). Additionally, significant differences compared to Earth are also included (∗paired t-test, p < 0.05). For clarity, pairwise comparisons between workload levels are not shown.



Minimum foot forces were both negative (in the Microgravity configuration) and positive (in the rest of configurations). Thus, minimum foot forces in Microgravity were traction forces, while in the rest of configurations they were compression forces (see Figure 7). A two-way repeated-measures ANOVA showed a significant increase in minimum foot forces with altered-gravity [F(1.407, 34.045) = 45.985, p < 0.0005] and a significant decrease with workload intensity [F(1.443, 33.19) = 16.055, p < 0.0005]. Pairwise comparisons yielded statistically significant differences between all altered-gravity conditions: Microgravity and Moon (p < 0.0005), Microgravity and Mars (p < 0.0005), and Moon and Mars (p = 0.007). Work rate pairwise comparisons showed statistically significant differences between 50W and 75W (p < 0.005), and 50W and 100W (p < 0.0005). Additionally, when compared to Earth’s values (paired, two-sided t-test), minimum foot forces were statistically different in Microgravity (all work rates p < 0.0005), Moon (all work rates p < 0.0005), and Mars (50W: p = 0.004; 75W and 100W p < 0.0005).

Subjective Data

Subjective data related to “comfort” and “strenuousness” (or difficulty of exercise) are summarized in Table 4. Results show a significant increase in comfort level with increased AG [χ2 (3) = 23.59, p < 0.0005]. Earth was reported as the most natural position with few discomfort issues, mainly related with the bike saddle. In reclined configurations, main causes of discomfort were pressure in the lower back and use of handlebars to avoid sliding. Some cases of numbness in the feet were also reported in the Microgravity configuration, probably due to the head-down tilt of the body and the upper position of the legs. The Friedman test also yielded a statistically significant effect of AG on strenuousness [χ2(3) = 27.51, p < 0.0005]. Thus, Microgravity was the most challenging position, and the perception of difficulty of exercise was progressively reduced with increasing AG. Subjects were also asked to choose between workload intensity and protocol duration as the main cause of strenuousness. Workload intensity was selected in the majority of the cases. Other factors such as cycling frequency and position discomfort were also mentioned.

TABLE 4. Exit survey results concerning perceived comfort and strenuousness during the experimental sessions [mean (SE), including 14 subjects] for all altered-gravity conditions (Microgravity -6° HDT, Moon +9.5° HUT, Mars +22.3° HUT, Earth +90° upright).
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DISCUSSION

This study measured cardiopulmonary responses to submaximal ergometer exercise under multiple postural conditions using a HDT/HUT paradigm. Although a few studies have reported cardiorespiratory responses to exercise in upright, supine, and -6° HDT, this is the first study to include additional tilt angles representing Moon and Mars gravitational conditions, which allowed the generation of additional data points to build cardiopulmonary dose-response curves in simulated hypogravity at multiple exercise intensities.

Head-down tilt posture at an angle of 6° has become the standard model for microgravity simulation (Pavy-Le Traon et al., 2007). In this position, fluids are redistributed toward the central cavity, causing an increase in ventricular preload, left-ventricular end-diastolic volume, and stroke volume compared to upright and also supine posture. It is important to note that in -6° HDT, the Gx hydrostatic gradient and a small Gz (foot-to-head) hydrostatic gradient exist, making this condition slightly different from supine posture (where Gz gradient does not exist), and different from true microgravity conditions (no hydrostatic gradients exist).

Cardiopulmonary responses at rest due to postural changes are consistent with previous studies. Prisk et al. (1995) measured resting pulmonary gas exchange in eight subjects in standing upright, supine, and microgravity conditions (Spacelab flights SLS-1 and SLS-2). Their results showed that VT decreased in the supine position with respect to standing upright, and it decreased even more in real microgravity conditions. As a compensatory mechanism, they noted an increase in Rf when subjects were in microgravity (but not in supine). In our experiment, we found a significant decrease in VT and a significant increase in Rf when transitioning from seated upright to -6° HDT condition, which is consistent with previous results given that our testing conditions differ slightly likely creating a larger perturbation to the pulmonary system. Our results also support the idea that changes in the gravitational conditions and thus hydrostatic pressures cause subjects to select a different combination of VT and Rf to maintain the appropriate alveolar ventilation (Prisk et al., 1995). Given the adjustments in VT and Rf, our subjects were able to also maintain a similar VE, contrary to Prisk’s study where subjects experienced a significant decrease in VE both in supine and microgravity. Our VT and Rf results are also consistent with ventilatory responses gathered by Gisolf et al. (2004) on eight normal subjects in supine and standing position. With respect to gas exchange, we also found unaltered VO2 and slightly elevated VCO2 in -6° HDT compared with sitting upright. When comparing the upright seated baseline with the Earth condition baseline (i.e., subjects are seated on the bike saddle ready to start pedaling), we did see significant increases in VO2, VCO2. VT, and VE. This is consistent with subjects not being truly in a resting position similar to the other testing conditions (i.e., Microgravity, Mars, Moon) where subjects are laying on top of the tilt platform without exerting any effort to maintain themselves upright (Piotrowski et al., 2018).

Concerning cardiopulmonary responses during exercise, we found a slight tendency of VO2 to decrease with increasing gravity levels (2-way repeated measures ANOVA). The average reduction across exercise conditions of VO2 per unit of simulated AG-level was -97.88 mL/min/g. This slight reduction is also supported by a reduction in VCO2 with increasing gravity levels (-95.10 mL/min/g averaged across exercise conditions). These changes in cardiopulmonary variables may be related to the suggestion that exercise performance decreases with reducing hydrostatic column (Egaña et al., 2006). The exact mechanisms may be attributed to a decrease in muscle perfusion at higher tilt angles with respect to upright (Fitzpatrick et al., 1996; Wright et al., 1999), potentially reducing blood flow to the exercising muscles (Nielsen, 1983), and an attenuated muscle pump effect in the presence of a reduced (or even absence in the case of HDT) venous hydrostatic column (Laughlin, 1987; Laughlin and Joyner, 2003). However, we did not find significant differences between conditions in VO2 when tested for pairwise comparisons, indicating that if this effect exists, it does not seem to be very strong. This is consistent with previous results collected during submaximal cycling exercise at 100W in both upright and -6° HDT conditions reporting no significant differences in VO2 or HR between the two postures, either before or after an 8-week training protocol (Ade et al., 2013). Also consistent with Ade et al. (2013), our HR data at 100W in upright (Earth condition), and -6° HDT (Microgravity condition) do not differ either. However, it is interesting to note that HR does decrease in intermediate postures (Moon and Mars conditions). This non-linear behavior could be related to differences between HUT and HDT and the reversal of the hydrostatic gradient along the Gz- body axis, as well as the discomfort and additional effort reported by our subjects associated to cycling during HDT when the legs are elevated above heart level (Ade et al., 2013).

Cardiopulmonary data on true microgravity during ergometer exercise are very scarce. One study was conducted onboard the Russian Space Station Mir (Girardis et al., 1999) to investigate metabolic consumption of two astronauts during cycle exercise at 50, 75, and 100W. Results showed that submaximal VO2 at 0 g was significantly lower than all measurements taken at 1 g. These results are in disagreement with our ground-study as well as with results reported by others during HDT on Earth (Ade et al., 2013). This discrepancy between spaceflight and supine and/or HDT data raises again the question about the validity of -6° HDT as a good microgravity analog when studying submaximal exercise capacity. Other factors to take into account are that spaceflight data were collected in only two subjects, and the first data points were taken on flight day 12, and thus potential effects of muscle and aerobic capacity deconditioning might have occurred by then. Additionally, atmosphere composition at the time of the test (which was not reported) as well as pedaling frequency (which was not controlled by an operator) might have been additional factors affecting the results. All in all, further studies in true microgravity (and ideally true partial gravity) are warranted to better elucidate submaximal exercise pulmonary responses in these conditions.

Using these spaceflight data as well as additional hypergravity data, Bonjour et al. (2011) developed a model to predict cardio-pulmonary responses to submaximal cycling exercise in varying gravitational environments. Gravitational levels included 0 g (data from MIR reported above), as well as hypergravity data collected on centrifuges in Karolinska Institute in Sweden (1, 1.5, 2, and 2.5 g), and the Center for Research and Education in Special Environments in Buffalo (1, 2, and 3 g). Bonjour proposed a quadratic non-linear relationship between HR and AG, and he predicted HR responses at Mars and Moon gravity levels when cycling at 50, 75, and 100W. The comparison between his predictions and the results obtained in this study is shown in Table 5. When analyzing the responses at Earth condition (1 g), we can observe that our results showed higher HR responses than the ones obtained by Bonjour. Individual differences between the subjects could likely explain this effect, suggesting that the subjects participating in our study were less physically prepared than the ones participating in the studies he conducted. Another important factor is the difference in pedaling frequency. Bonjour considered studies performed at a pedaling frequency of 1 Hz whereas our study was conducted at 1.5 Hz. This difference leads to an increased cycling internal work (Bonjour et al., 2010), which makes our study more physically demanding.

TABLE 5. Comparison between Bonjour’s predictions of the heart rate responses to exercise on Moon and Mars with the results obtained in this study [mean (SE), including 14 subjects].
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During exercise, our results show a slight decrease in VT, and an increase in Rf with lower tilt angles (i.e., lower simulated gravity levels). Averaged changes with simulated AG-level for VT and Rf across exercise conditions were 0.165 L/g and -5.33 breaths/min/g, respectively. Changes in VT are presumably related to the increase in thoracic pressure when being reclined (Gisolf et al., 2004). The decrease in the tilt angle reduces the gravity force in the longitudinal axis (Gz) but increases it in the direction perpendicular to the platform (i.e., Gx, the anterioposterior direction). As a consequence, there is a higher contribution of the weight forces of the thoracic cage, thus hampering lung expansion. To counteract for this effect, Rf increases at lower tilt-angles, causing also an increase in VE. Finally, we did not find any significant changes in blood pressure, except of DBP in simulated microgravity conditions. Diastolic blood pressure significantly increased while exercising at -6° HDT, most likely driven by the introduction of the foot-to-head hydrostatic gradient, combined with the higher positioning of the exercising legs above the Gz line of the body. It is interesting to note that we did not find statistically significant differences between Mars and Earth in any of our cardiopulmonary variables, except for HR.

Previous studies performed onboard the ISS using the Cycle Ergometer with Vibration Isolation System (CEVIS) device measured foot forces between 7.0 and 19.0% of the body weight (BW) using work rates ranging from 75 to 210W (Genc et al., 2010). These results are in concordance with our results in -6° HDT where we obtained maximum peak forces between 12.7 and 14.6% BW. Other studies compared Earth with microgravity cycling loadings, obtaining a 20% and 10% BW, respectively (Cavanagh et al., 2010). Although these results are slightly lower compared to the ones obtained in our study, differences in pedaling rate or workload level can produce changes in foot forces, this being a possible reason for these differences. Foot forces during cycling activity at partial-gravity such as the Martian or the lunar gravitational environments have not been previously studied. However, ground reaction forces at reduced gravity levels during other exercise modalities have been investigated, including running (Cavanagh et al., 2017), hopping (Weber et al., 2019), and the use of stair-steppers (Edmonds et al., 2008). However, ergometer exercise does not provide foot forces as high as these other exercise modalities, and therefore, a straight comparison across different exercise disciplines is not directly applicable. Finally, it is interesting to note that, in our study on ergometer exercise, we did not find considerable differences in maximum foot forces between Mars and Earth conditions. Investigating this similarity could be key with regard to prescription exercise protocols during future long duration exploration missions.

Subjective data in simulated microgravity conditions showed the lowest comfort punctuation. Major complaints reported were lower back pain and discomfort in the arms due to the handlebars. Future suggestions that could improve these issues include a better platform lining, intermediate cycle ergometer positions, and different handlebar configurations to enable a more ergonomic positioning of the subject on the platform. However, no cycling difficulties or major discomfort problems were reported, validating the correct functioning of the platform. Strenuousness results showed an increased difficulty perception at lower artificial gravity levels, which was likely related to the more unnatural positioning of the body.

Limitations

We used a HDT/HUT paradigm to study the effect of postural changes during submaximal aerobic exercise. -6 °HDT has been adopted by the spaceflight community as a well-accepted analog to simulate microgravity, especially with regard to fluid shifts and cardiovascular adaptations. However, this is not a fully accurate ground-based simulation of spaceflight. The presence of a small longitudinal (Gz, foot-to-head) and transverse (Gx) gravitational effects, including the pressure of the ground’s surface on the subject’s back and their impact on intrathoracic volume and ventilation mechanics, is certainly a limitation when comparing pulmonary and cardiovascular function with true microgravity or true partial gravity (Regnard et al., 2001; Watenpaugh, 2016). A classic example of differences in cardiovascular responses between HDT and true microgravity is the “surprising” reduction of central venous pressure (CVP) in space relative to 1 g supine and upright values, while ground-based analogs such as HDT produce the “expected” increase in CVP related to the central fluid shift (Buckey et al., 1996a; Watenpaugh, 2016). Subjects also reported some discomfort during the exercise sessions in tilted positions, especially the HDT configuration, that should not occur in real microgravity and might have slightly affected the results. Despite these discrepancies, the tilt paradigm reproduced many of the physiological responses reasonably well (Watenpaugh, 2016), but it is important to acknowledge these differences when interpreting the results. In our study, we investigated the effects of gravity alterations through postural changes on Earth in an attempt to elucidate physiological responses in altered-gravity environments, but further studies in true hypogravity are warranted to fully capture those responses.

We included Earth configuration in our study since 1 g is one of the most interesting conditions when investigating gravitational physiology. However, we acknowledge some differences in configuration and body posture with respect to the reclined positions, such as the presence of a saddle and the need for subjects to keep themselves upright. Thus, a consequence of exercising while lying on the platform is the unloading of the back and trunk muscles, which might decrease the VO2 requirements during exercise in these hypogravity configurations (Piotrowski et al., 2018). Given all these differences, subjects always experienced the upright configuration first (could be considered as the familiarization session) and was not included in the randomization scheme implemented with the rest of the sessions.

Other limitations of the study are related to the resources available to conduct the experiment. Subjects were selected from the college population and thus, their age (range between 20 and 32 years old) and most likely physical fitness (although capable of conducting aerobic exercise for an hour), were not truly representative of the astronaut population. Only two women participated in the study and therefore it is not possible to conduct a comprehensive analysis on gender effects. Additionally, the duration of the test sessions was limited to avoid excessive fatigue of subjects during the exercise protocol. Thus, some variables did not reach steady state and extrapolation of results outside the timeframes investigated should be done with caution.



CONCLUSION

For the first time, we characterized cardiopulmonary and musculoskeletal responses to submaximal ergometer exercise during postural changes using a HDT/HUT paradigm. We investigated multiple simulated gravity levels (i.e., tilt angles), and exercise intensities, generating dose-response curves to inform future trade-offs and decisions regarding the effects of hydrostatic changes and altered-gravity on human performance. Our results showed that there are not significant differences in human cardiopulmonary and musculoskeletal responses between Mars and Earth experimental conditions. This indicates some degree of similarity in human performance during ergometer exercise under Martian and terrestrial gravitational environments, suggesting that this type of exercise conducted under a gravitational stress of ∼3/8 g could provide similar physiological stimuli than cycling under 1 g on Earth.

We also found some differences between -6° HDT and the (scarce) true microgravity data gathered during spaceflight, highlighting the limitations of using ground-based models to study the complex physiological processes that occur in true microgravity conditions, as well as the need of collecting additional flight data.
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The present study reports alterations of task-based functional brain connectivity in a group of 11 cosmonauts after a long-duration spaceflight, compared to a healthy control group not involved in the space program. To elicit the postural and locomotor sensorimotor mechanisms that are usually most significantly impaired when space travelers return to Earth, a plantar stimulation paradigm was used in a block design fMRI study. The motor control system activated by the plantar stimulation involved the pre-central and post-central gyri, SMA, SII/operculum, and, to a lesser degree, the insular cortex and cerebellum. While no post-flight alterations were observed in terms of activation, the network-based statistics approach revealed task-specific functional connectivity modifications within a broader set of regions involving the activation sites along with other parts of the sensorimotor neural network and the visual, proprioceptive, and vestibular systems. The most notable findings included a post-flight increase in the stimulation-specific connectivity of the right posterior supramarginal gyrus with the rest of the brain; a strengthening of connections between the left and right insulae; decreased connectivity of the vestibular nuclei, right inferior parietal cortex (BA40) and cerebellum with areas associated with motor, visual, vestibular, and proprioception functions; and decreased coupling of the cerebellum with the visual cortex and the right inferior parietal cortex. The severity of space motion sickness symptoms was found to correlate with a post- to pre-flight difference in connectivity between the right supramarginal gyrus and the left anterior insula. Due to the complex nature and rapid dynamics of adaptation to gravity alterations, the post-flight findings might be attributed to both the long-term microgravity exposure and to the readaptation to Earth’s gravity that took place between the landing and post-flight MRI session. Nevertheless, the results have implications for the multisensory reweighting and gravitational motor system theories, generating hypotheses to be tested in future research.
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INTRODUCTION

Recent advances in space vehicle engineering are expected to facilitate interplanetary space missions and space tourism. This will recruit what is known about the effects of space on the human body and mind, information which has been accumulating for more than a half century. Besides ionizing radiation, the most serious challenges for a human traveling to space are induced by microgravity. Body weightlessness and support unloading result in hypokinesia, vestibular sensory deprivation and an altered central interpretation of vestibular input (Young et al., 1984), as well as fluid redistribution (Smith et al., 1997), which in the aggregate cause detrimental effects on bones, muscles, cardiovascular function, neurovestibular function, and vision (Van Ombergen et al., 2017a). Such deterioration may progress into serious health issues and make long-term space flights impossible without proper microgravity countermeasures (Kozlovskaya et al., 2015; Shelhamer, 2015; Wang et al., 2018).

Besides issues that can be identified as health problems, microgravity induces many changes in behavior and performance, some of which may be considered as functional alterations and some as compensatory adaptations to the new environment (Newberg and Alavi, 1998; Bloomberg et al., 2015; Kornilova et al., 2017). The most pronounced among these changes are alterations in sensorimotor function, which, in its different aspects, recovers from days to weeks upon returning to the Earth (Lackner and DiZio, 1996). After a long-term space mission, many space travelers have difficulties standing upright and moving around just after landing (Clément et al., 2007). Later in post-flight period, the observed residual effects include disturbances in walking trajectories and postural stability, altered head position, tendency to raise arms to the sides, stamped gait or irregularly spaced steps (Mulavara et al., 2010), as well as increased reliance on visual feedback (Reschke et al., 1998) and increased time for motor task performance (Kubis et al., 1977; Kozlovskaya et al., 1982).

Alterations elicited by microgravity exposure are not limited to muscle “disuse” because of the weight unloading, but presumably affect all levels of the motor system and, according to the gravitational motor system theory, may be considered a dysfunction of the gravitational mechanisms in the motor system which provide reliability, accuracy, and stability of motor responses on the Earth’s surface (Kozlovskaya et al., 1988). These mechanisms are studied in human participants and animal models in actual spaceflight settings and in ground-based analogs, such as parabolic flight (PF), dry immersion (DI), and head-down bed rest (HDBR) (Watenpaugh, 2016; Van Ombergen et al., 2017a; Tomilovskaya et al., 2019). Up to now, an extensive body of empirical evidence suggests that a cascade of motor system modifications in microgravity is triggered by the lack of support afference from deep skin mechanoreceptors (Kozlovskaya et al., 2007). The reorganization of the motor system elicited by the lack of support is complemented by changes in biomechanics such as altered relationships between the mass of a body part and the force required to move it, and by the degraded performance of vestibular and proprioceptive sensory feedback (Reschke et al., 1998) which results in a conflict in the input from different sensory modalities (vestibular, proprioceptive, and visual) (Kornilova and Kozlovskaya, 2003; Davis et al., 2008). Altogether, such changes lead not simply to the prioritization of visual feedback for motor control, but to a necessity to rebuild the motor act coordination in order to find new adaptive solutions to the degree-of-freedom problem (Bernstein, 1967). Results consistent with this view and suggesting a gradual reinterpretation of muscle proprioceptive signals during prolonged exposure to microgravity (Lackner and DiZio, 1996) have been obtained, for example, in research on functional synergies during spaceflight (Clément et al., 1984; Massion, 1992). Similar motor learning processes were documented not only in the posture and locomotion domain, but also in manual tasks (Sangals et al., 1999; Bock et al., 2003; see Seidler et al., 2015 for a review).

In light of the previous discussion, the idea that alterations of sensorimotor functioning after microgravity exposure are very likely to reflect not only peripheral, but also central nervous system modification (or brain plasticity) seems logical and even commonplace. It has also received extensive support from animal models (Krasnov and Dyachkova, 1990; Holstein et al., 1999; DeFelipe et al., 2002; Dyachkova, 2007). But although a number of studies were conducted to collect evidence for microgravity-induced plasticity of human brain functioning with electroencephalography (EEG), the results were interpreted with caution because effects attributed to central neuroplasticity were hard to disentangle from numerous low-level confounds introduced by the complex nature of both the space mission environment and the observed physiological effects (Marušč et al., 2014).

Structural and functional magnetic resonance imaging (MRI) is seen as a more perspective method to reveal the mechanisms of space-induced neuroplasticity, although the MRI data may also be contaminated by side effects such as fluid shifting to the upper body (Roberts et al., 2015). Early calls for neuroimaging studies to find signs of neuroplasticity evoked by the adaptation to the space station environment (Newberg and Alavi, 1998) had little effect for almost two decades.

The first evidence for structural changes in the human brain after the long-term spaceflight includes a narrowing of the central sulcus, a shrinking of the cortico-spinal fluid (CSF) spaces at the vertex, and an upward shift of the brain within the skull as revealed by a clinical assessment of MRI scans (Roberts et al., 2017). Quantitative approaches have also shown extensive but focal bilateral decreases in gray matter volume in the temporal and anterior frontal cortices, as well as in the occipital cortex (Koppelmans et al., 2016; Van Ombergen et al., 2018); a focal increase in gray matter volume in the medial paracentral lobule was also observed (Koppelmans et al., 2016). The results of the only three microgravity-analog (HDBR) studies performed to the date partially corroborated these findings (Li et al., 2015; Roberts et al., 2015; Koppelmans et al., 2017b). As for the white matter, volumetric studies have shown a reduction of white matter volume in the left temporal lobe (Van Ombergen et al., 2018), and diffusion MRI data have indicated structural connectivity disruption in the longitudinal fasciculus, the inferior fronto-occipital fasciculus and the corticospinal tract in the right hemisphere, as well as in both inferior cerebellar peduncles (Lee et al., 2019).

The only published functional MRI (fMRI) study of a crew member after an actual spaceflight (compared to the preflight baseline) is a case study of a cosmonaut who spent 169 days on the ISS (Demertzi et al., 2016). The study used both task-based and resting-state fMRI techniques. While conventional task-based fMRI requires a participant to receive stimulation or to perform a motor or cognitive task while laying in the scanner, resting-state fMRI requires only relaxed wakefulness without any explicit stimulation or task being administered. The resting-state fMRI data are only used for analysis of intrinsic brain connectivity, especially within large-scale neural networks; the task-based fMRI data may be used for both activation and connectivity analyses. In the cosmonaut, the task-based analysis revealed higher activation in the supplementary motor area during the performance of an imaginary tennis task post-flight compared to preflight. The resting-state fMRI demonstrated reduced post-flight intrinsic connectivity in the right insula and between the left cerebellum and the right motor cortex (Demertzi et al., 2016).

Findings from over 10 microgravity analog studies published so far are very diverse, mainly due to the wide spectrum of study techniques or objectives (Roberts et al., 2010; Liao et al., 2012, 2013, 2015; Rao et al., 2014; Zhou et al., 2014; Cassady et al., 2016; Yuan et al., 2016, 2018a, b; Van Ombergen et al., 2017d). However, many of the brain regions that demonstrate microgravity-induced functional changes are associated with motor, vestibular and proprioceptive functions, or cognitive control (see Van Ombergen et al., 2017c for an extensive review).

Overall, the existing evidence advances the brain sensorimotor system and its connectivity with visual, vestibular, and proprioceptive brain regions as the primary target of neuroimaging research in microgravity-induced neuroplasticity. The ongoing prospective longitudinal studies that use different MRI methods (Koppelmans et al., 2013; Van Ombergen, 2017; Yuan et al., 2017) will be an important source of reliable evidence on this topic. The present paper reports preliminary results of an ongoing longitudinal task-based fMRI study devoted to the effects of long-duration spaceflight on cerebral motor function in humans. The research was conducted within the framework of the ESA/Roscosmos Brain DTI/Tractographia Project. To the best of our knowledge, it is the first published prospective controlled group fMRI study of large scale neural network plasticity in space travelers, and the first task-based functional connectivity MRI study of the effects of microgravity.

In this experiment, we compared brain activation and connectivity elicited by plantar stimulation in two groups: cosmonauts before and after long-term spaceflight, and healthy controls scanned twice with a comparable interval. Plantar stimulation produces support afference, which is believed to be a crucial factor for upright posture and normal terrestrial locomotion in humans (Layne et al., 1998; Kozlovskaya et al., 2007). During a long-term spacelight, prolonged support unloading takes place, which we expect to manifest in alterations of the functional connectivity between the brain areas contributing to motor control. Therefore, we hoped to elucidate those specific neural substrates that correspond to the postural and locomotor disturbances observed in cosmonauts upon re-entry to Earth. We also looked for correlations between the connectivity data and individual differences in the severity of the space motion sickness, which is believed to arise from the sensory conflict and to reflect the sensorimotor adaptation processes in microgravity (Heer and Paloski, 2006; Kornilova et al., 2013).



MATERIALS AND METHODS


Participants

Eleven Russian cosmonauts and healthy age- and gender-matched volunteers (11 men not involved in the space program) took part in the study. At the time of the first exam the mean age of the participants was 45 years old (SD = 5) for the cosmonauts and 44 (SD = 6) for the control group. The study was approved as a part of the Brain DTI project by Committee of Biomedicine Ethics of the Institute of Biomedical Problems of the Russian Academy of Sciences and the Human Research Multilateral Review Board (HRMRB) according to the 18th World Medical Assembly of Helsinki, Finland, June 1964, amended by the 41st Assembly, Hong Kong, September 1989. All participants gave written informed consent for the study at enrollment.

In cosmonauts, subjective space motion sickness symptoms during space flight were assessed by a questionnaire first introduced at the MIR orbital station during the ‘ANKETA’ experiment (Kornilova, 1997) and since then used at the Institute of Biomedical Problems at the Russian Academy of Sciences. The cosmonauts were interviewed after the spaceflight before their vestibular tests on the first or 2nd day post-landing. Space motion sickness symptoms comprised complaints about orientation illusions, dizziness, poor coordination, difficulties in gaze fixation and tracing visual objects, nausea and vomiting (see the full list of questions in Supplementary Materials). The combination, intensity, and duration of these reactions were qualified according to the classification accepted in Russia (Kornilova et al., 2002, 2013). For the purpose of the present study, points were ascribed to each cosmonaut’s state after the flight: 0 corresponds to no complaints; 1 corresponds to moderately pronounced and rather short SMS syndrome; and 2 corresponds to complaints of pronounced and long lasting SMS syndrome with strong dizziness, vomiting, and discoordination. All control participants of the present study were ascribed zero points on this scale.



Study Design

A 2 × 2 experimental design was used, with group (cosmonauts vs. controls) as a between-subject factor and session (post-flight vs. pre-flight) as a within-subject factor (repeated measures). In the control group, the first scanning session was treated as ‘preflight,’ and the second as ‘post-flight.’ According to the study design, only significant Group × Session effects were attributed to spaceflight.

Each cosmonaut was scanned before and after completing a long-term mission to the International Space Station between 2014 and 2017. For one cosmonaut, the data were aggregated across two separate space missions (and counted as the data from one subject). The control participants were scanned twice with comparable time intervals between the scans. A detailed description of demographics and timing data is presented in Table 1.

TABLE 1. General demographics, spaceflight-related information, and scan-to-scan intervals for the cosmonauts and control participants.
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The KORVIT System

The pneumatic KORVIT system (VIT, Saint Petersburg, Russia and Center of Aviaspace Medicine, Moscow, Russia) was used for mechanical stimulation of the soles support zones. The device was initially developed in the Institute of Biomedical Problems at the Russian Academy of Sciences (Grigor’ev et al., 2004; Kozlovskaya et al., 2007; Layne and Forth, 2008) as a mean of compensation of support afferentation deficit and therefore as a countermeasure to microgravity-induced motor impairment. The main component of the system is a pair of plastic boots with inflatable chambers mounted into the boot soles under the metatarsal and the heel zone. This layout of the chambers ensures stimulation of the zones with the highest density of mechanoreceptors and therefore elicits maximal response in the tonic muscle system. The chambers are connected to an air compressor by plastic cables. All parts of the system except for the air compressor are MR safe; during the scanning session the boots and cables were located in the scanner room, while the air compressor was located and operated upon in the scanner console room. The setup is illustrated in Figure 1. In the present study, the gait-like simulation mode was used with alternating pressure of 40 kPa cyclically administered to four zones on participants’ feet (right heel, right toes, left heel, left toes) with the frequency equal to 75 steps per minute.


[image: image]

FIGURE 1. Experimental setup. (A) A participant positioned in the scanner wearing the KORVIT system boots. (B) Components of the KORVIT system.



According to previous studies, this mode of support stimulation leads to an extensive activation of the sensorimotor cortex (SMC) that controls locomotion (Kremneva et al., 2013). It has also been shown that this paradigm does not reflect actual locomotion, because the person does not make any movements. However, it has been proven that the afferent impulses induced by rhythmic stimulation of the support zone of the sole at a frequency and load similar to those experienced during real walking play an important role in supraspinal control (Kozlovskaya et al., 2007). Moreover, these results are similar to the results of other research groups that used imaginary walking paradigms (Kremneva et al., 2013).



MRI Data Acquisition

All participants were scanned with a 3T GE Discovery MR750 scanner equipped with a 16-channel head, neck and spine (HNS) array coil. The scanner was located at the Federal Center of Medicine and Rehabilitation in Moscow, Russia.

For each participant, 160 T2*-weighted functional images were acquired in a single session of the gait-like plantar stimulation paradigm. Four extra volumes were scanned and automatically discarded by the scanner software prior to the acquisition of the functional data in order to achieve magnetic equilibrium. The gradient-echo echo-planar imaging (GRE EPI) pulse sequence was used with the following parameters: TR/TE/FA = 2000 ms/30 ms/77°, FoV = 192 mm × 192 mm × 126 mm, matrix size = 64 × 64 × 42, isotropic voxel size 3 mm. Each volume covered the whole brain with slices oriented parallel to the AC/PC line. The session lasted for approximately 5 min and was administered within the final part of the over 1 h long assessment that included both structural and functional scans (BRAINDTI project protocol). T1-weighted structural images were acquired in the first part of this program using the 3D fast spoiled gradient-echo (FSPGR) pulse sequence with an isotropic voxel size of 1 mm (TR/TE/FA = 7.9 ms/3.06 ms/12°).



Procedure

During the plantar stimulation, a participant would lay in the scanner supine (head first) with KORVIT boots on his feet. He was instructed to keep his head still during the plantar stimulation. Extra foam padding was used to prevent excessive head motion elicited by the pulses of air pressure on the feet. The gait-like stimulation was administered in a block design with alternating 20-s blocks of two conditions: ‘stimulation’ and ‘rest.’ The stimulation cycle started with the rest period and was repeated eight times.



Task-Based Activation Data Analysis

Data processing was performed with SPM 12 (Wellcome Institute of Cognitive Neurology1) and GLMFlex2 software (Aaron Shultz2). Preprocessing included the following steps: slice timing correction; realignment; longitudinal spatial coregistration of structural images from the two scanning sessions; spatial coregistration of the mean structural image and functional images; segmentation of the average structural volume into six tissue volumes; normalization into Montreal Neurological Institute (MNI) space; and spatial smoothing of the functional images with a Gaussian kernel of 8 mm full width at half-maximum (FWHM). Six residual head motion parameters (three for translation and three for rotation) were extracted during the realignment step.

To reveal the task-based activation, data were modeled using the general linear model as implemented in SPM12 software. For each participant, the MR signal was modeled using the canonical hemodynamic response function (HRF) with temporal derivatives (Friston et al., 2007). Temporal derivatives of the HRF were included into the model to prevent possible artifactual differences between groups or conditions. This concern was raised because the influence of spaceflight on the neurovascular coupling and HRF parameters is not yet known, but some effect is highly plausible given the alterations in cardiovascular functioning in space (Zhu et al., 2015) and especially the alterations of brain hemodynamics (Kawai et al., 2003; Blaber et al., 2013; Taylor et al., 2013) due to fluid shifting to the upper body. The data were analyzed as a block design with one experimental (plantar stimulation) condition while the baseline condition was not explicitly modeled to avoid model redundancy. Six parameters describing the head motion throughout the experimental session were included into the model as nuisance regressors. T-test contrasts for the BOLD signal change evoked by the plantar stimulation were obtained from both HRF and HRF temporal derivative regressors and combined into a single image for further use in the second-level analysis with the ‘derivative boost’ method (Lindquist et al., 2009; Steffener et al., 2010) implemented in the spmup_hrf_boost script (Pernet, 2014). A 2 × 2 ANOVA with group (cosmonauts vs. healthy controls) as a between-subject factor and session (pre-flight vs. post-flight) as a within-subject factor was performed as a second-level analysis scheme with the GLMFlex2 software. The results were assessed with a FDR-corrected cluster-wise threshold of q = 0.05 based on an uncorrected voxel-wise threshold of p = 0.001. Lenient statistical thresholds (p < 0.05 uncorrected, k = 5) were additionally applied to the group activation map obtained from the data of all 22 participants (both experimental and control groups) in order to define ROIs and the sensorimotor system mask for subsequent connectivity analyses. Peak activation coordinates were labeled with either FSL Harvard-Oxford maximal likelihood cortical and subcortical atlases (Desikan et al., 2006) or the AAL atlas (Tzourio-Mazoyer et al., 2002) for the cerebellum.



Task-Based Connectivity Data Preprocessing

CONN Functional Connectivity Toolbox v. 17a (Whitfield-Gabrieli and Nieto-Castanon, 20123) was used for the task-based connectivity preprocessing and further statistical analysis. Several standard procedures in the Conn toolbox were applied to the data already preprocessed for the task-based activation analysis in order to account for the residual motion-induced artifacts and physiological noise (denoising). First, head motion artifact detection was performed with the Artifact Detection Toolbox (ART4). Medium level thresholds that result in rejecting 3% of the normative sample data were applied; images demonstrating scan-to-scan head motion of more than 0.9 mm or global mean intensity change of more than 5 SDs were considered outliers. Outliers were subsequently included as nuisance regressors into the denoising linear model along with the residual head motion parameters. Another set of nuissance regressors was introduced by the anatomical component-based noise correction technique (aCompCor; Behzadi et al., 2007). With this method, noise ROIs are defined within the white matter and CSF masks individually segmented for each participant. The signal from the noise ROIs is decomposed with a principal component analysis (PCA) and time courses of the resulting components are regressed out from the data. The main BOLD-signal effects of the plantar stimulation and rest blocks were also regressed out to restrict the analysis to within-condition connectivity alterations rather than global changes of the correlation evoked by the task onset or offset. The linear detrending term was also applied. Then a standard temporal high-pass filter with a cutoff of 0.008 Hz was applied on the time series in order to further restrict the analysis to signal fluctuations which characterize task-based fMRI BOLD frequency band.

Two approaches to the task-based functional connectivity analysis were taken: voxel-to-voxel (data-driven) and ROI-to-ROI (hypothesis-driven). Follow-up hypotheses-driven seed-to-voxel analyses were also used to aid interpretation of the results. The connectivity results were labeled with the Harvard-Oxford and AAL atlases as well as the activation data.



Task-Based Connectivity Voxel-to-Voxel Analysis

Firstly, voxel-to-voxel analysis was conducted to obtain the intrinsic connectivity contrast (ICC) values for each voxel in the whole brain. ICC was computed as a mean absolute value of the correlations of the time series for a given voxel with all other voxels included in the analysis (Martuzzi et al., 2011). The ICC values for each participant and condition (pre-flight and post-flight plantar stimulation and rest) were further used in the second-level ANCOVA with Group (cosmonauts vs. healthy controls) as a between-subject factor and session (post-flight vs. pre-flight) as a within-subject factor. Because of the imperfect cerebellum coverage in several scans, a concern was raised that the difference in the cerebellum ROIs between the preflight and post-flight sessions in the affected participants might also result in between-session differences in connectivity values. To account for this potential confound, the mean-centered difference in the total volume of the cerebellar network ROIs (defined with the Conn network atlas) for each participant was included in the analysis as a between-subject covariate. A Group × Session interaction was assessed with a FDR-corrected cluster-wise threshold of p = 0.05, q = 0.05 based on an uncorrected voxel-wise two-sided threshold of p = 0.001.



Task-Based Connectivity ROI-to-ROI Analysis

An exploratory ROI-to-ROI analysis was adopted to test for the possible effects of long-duration spaceflight. The set of ROI selected for the analysis covered the sensorimotor, visual, proprioceptive, and vestibular brain systems thus including all main sources of afference utilized by the motor control system.

First, we included eight clusters identified in the activation map obtained from the plantar stimulation versus rest contrasts in all participants (cosmonauts and controls) at the liberal statistical threshold, obtained as described above (Table 3). Then all clusters from the sensorimotor, cerebellar, and visual systems from the Conn Networks atlas were also included. Since the insula plays an important role in motor, vestibular and proprioceptive functions, we included the ROIs for the right and left anterior and posterior insula (outlines from Kelly et al., 2012 were used). The bilateral ROIs for the thalamus, which is believed to be a relay station for vestibular signals (Lopez and Blanke, 2011), and the putamen, which is believed to play a crucial role in proprioception (Goble et al., 2012), were taken from the Harvard-Oxford atlas. Other ROIs were constructed with the MarsBar toolbox (Brett et al., 2002) as spheres around coordinates taken from the literature. The selection of the vestibular ROI replicated that by Van Ombergen et al. (2017b), with a different outline of the thalamus ROI as the only exception. Besides the insula and thalamus, vestibular ROIs included the right parietal operculum area 2 (rOP2), which is currently believed to represent the human vestibular cortex; the precuneus; the inferior parietal lobule, which is believed to be a part of the multimodal vestibular cortex (Zu Eulenburg et al., 2012; Dieterich and Brandt, 2015); and the bilateral vestibular nuclei (Kirsch et al., 2016). Proprioception ROIs were selected on the basis of data presented by Goble et al. (2012) and, besides the putamen, included the inferior frontal gyrus (IFG) and the inferior parietal cortex (BA40) bilaterally. The initially selected set of ROIs was further cross-checked for intersections, and only one of the two ROIs were included if a significant overlap was found (for example, the spherical ROI for the rOP2 was almost entirely covered by the activation-based rOP ROI). Since only differential contrasts of connectivity across groups and conditions were further considered, the residual marginal ROI overlap was not taken into account. Characteristics of the 27 areas forming the resulting ROI set are presented in Table 2.

TABLE 2. Characteristics of the ROIs selected for the ROI-to-ROI analysis of the functional connectivity between the sensorimotor, visual, proprioceptive, and vestibular systems.
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The signal from each ROI was extracted only from gray matter voxels of the unsmoothed functional volumes, in order to avoid any additional risk of contaminating the data with white matter or CSF signals or with signals from other ROIs. Then, the task modulation of the ROI-to-ROI functional connectivity was assessed for the ‘preflight’ and the ‘post-flight’ sessions with the individual general psychophysiological interaction model (gPPI; McLaren et al., 2012) for each participant. The resulting differential ROI-to-ROI connectivity values for the active plantar stimulation condition over the implicitly modeled baseline were further used in the second-level ANCOVA with group (cosmonauts vs. healthy controls) as a between-subject factor and session (pre-flight vs. post-flight) as a within-subject factor, and the mean-centered difference in the total volume of the cerebellar network ROIs as a covariate. The results were considered at the levels of (a) individual modified connection (two-sided t-test, analysis-level FDR-corrected, pcorr< 0.05); (b) ROI demonstrating a modified connectivity pattern; and (c) network (clusters of modified connections). At the latter two levels we used network-based statistics, taking into account the connection intensity (NBS; Zalesky et al., 2010) for the correction for multiple comparisons (FDR at the ROI level and FWE at the network level, pcorr< 0.05, cluster-defining threshold p < 0.05 uncorrected).

The NBS statistic utilizes the permutation test and may be understood as an analog of the topological correction for multiple comparisons in the connectivity domain (with individual connections in place of voxels and subnetworks as clusters of connections). Therefore the NBS statistics is more sensitive but less spatially specific than the more conventional analysis at the level of individual connection. Due to the nature of the NBS statistics, inference limitations apply: the subnetworks may only be discussed in their integrity; no individual connection change may be considered significant on the basis that it belongs to a significantly changing NBS network. As implemented in Conn, the ROI-level NBS analysis treats only connections originating from the ROI under consideration and involves an extra FDR correction for the number of ROIs.



Follow-Up Seed-to-Voxel Analysis

To aid interpretation of the results, we performed a follow-up whole-brain seed-to-voxel analysis using as seeds the ROIs that demonstrated significant effects of Group × Scanning session interaction in the NBS ROI-to-ROI analysis (ROI level). While the NBS analysis does not allow for any inference regarding individual, pairwise connections between ROIs, the seed-to-voxel analysis aims at testing whether the observed connectivity alterations are diffuse in their nature or have any compact localizable addressees. We also performed a whole-brain seed-to-voxel analysis using as a seed the cluster revealed by the ICC analysis as sensitive to the cosmonaut vs. control, post- vs. pre-, task vs. baseline interaction.

In each seed-to-voxel analysis, we used the PPI connectivity data computed between the seed region and every brain voxel outside the seed region. These differential values were entered into the second-level ANCOVA, analogous to what was implemented for the ROI-to-ROI analysis: group (cosmonauts vs. healthy controls) as a between-subject factor, session (pre-flight vs. post-flight) as a within-subject factor, and the mean-centered difference in the total volume of the cerebellar network ROIs as a covariate. Seeds were tested one at a time.

Additionally, we conducted a set of second-level ANCOVAs, testing for possible correlations between the post-flight vs. pre-flight difference in connectivity of the seeds and the individual scores of space motion sickness severity (the mean-centered difference in the total volume of cerebellar network ROIs was also included as a covariate of no interest). Again, seeds were tested one at a time.

Besides the correction for multiple comparisons performed at the level of each resulting spatial map (cluster-wise topographic FDR correction; p < 0.05, q < 0.05; voxel-wise cluster-forming two-sided threshold p < 0.001 uncorrected), the statistical thresholds for the results were also corrected for the total number of seed-to-voxel analyses (p < 0.05/12 = 0.004).




RESULTS


Assessment of Potential Confounds

There were no significant differences in the mean age of the groups at the first scanning session (see Table 1). No statistically significant differences were found between groups or sessions in the standard deviations of displacement or rotation across any of the six registered head motion parameters. The percentage of the scans classified by the ART toolbox as invalid varied from 0 to 8% per participant; the total of 1.22% scans were discarded as invalid for the entire dataset. No participant was excluded from the analysis due to excessive head motion. The scan-to-scan head motion before scrubbing averaged 0.15 mm, SD: 0.05 mm per participant with a mean maximum motion of 1.14 mm, SD: 1.28 mm. No effects of the group, session or interaction of these factors on the general voxel-to-voxel correlation (GCOR; Saad et al., 2013) were revealed.



Brain Activation

A 2 × 2 ANOVA showed no effect of Group × Scanning session interaction on brain activation evoked by the plantar stimulation paradigm. The aggregated statistical map for both groups revealed an activation pattern that included the primary SMC, the supplementary motor cortex (SMA), extensive regions in operculum bilaterally, and, when applying low statistical thresholds, areas of the right insula and the temporal pole and of the anterior cerebellum (see Figure 2 and Table 3).
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FIGURE 2. Group map of the activation elicited by plantar stimulation in all participants (both cosmonauts and healthy controls). Yellow areas depict activation at a reliable statistical threshold (cluster-wise FDR correction, q < 0.05, p < 0.05; voxel-wise cluster-defining threshold, p < 0.001 uncorrected). Activation at a lenient statistical threshold (p < 0.05 uncorrected voxel-wise, k = 5) is shown in red. The statistical images are presented as overlays upon the average structural image of all participants converted to the MNI space.



TABLE 3. Clusters of activation revealed by the plantar stimulation in all participants.
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Voxel-to-Voxel Connectivity

The whole-brain analysis revealed a cluster in the right posterior supramarginal gyrus (pSMG; 567 mm3; center of mass: x = 63, y = −37, z = 13; see Figure 3A) demonstrating the effect of a Group × Scanning session interaction for the ICC change during the task blocks over the baseline.
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FIGURE 3. Results of the ICC and follow-up seed-to-voxel analysis. (A) Area in the lower portion of the right posterior supramarginal gyrus demonstrating higher connectivity with the rest of the brain for cosmonauts vs. controls, post- vs. pre-flight, plantar stimulation vs. rest, as revealed by the ICC analysis (cluster-wise FDR correction, q < 0.05, p < 0.05; voxel-wise cluster-defining threshold, p < 0.001 uncorrected). (B) Cluster in the left orbitofrontal cortex, insula and operculum, demonstrating correlation between the severity of space motion sickness and post- vs. pre-flight, plantar stimulation over the resting baseline difference in functional connectivity, with the seed in the rpSMG area shown in the (A). Results are shown after the cluster-wise FDR correction, q < 0.05, p < 0.004 = 0.05/12; voxel-wise cluster-defining threshold, p < 0.001 uncorrected.





ROI-to-ROI Connectivity

ROI-to-ROI analysis exploring the connectivity between the motor, somatosensory, visual, proprioceptive, cerebellar and vestibular brain systems, demonstrated significant post-flight alterations compared to the between-session differences observed in the control group.

Alterations were found at the levels of individual connection, ROI and subnetwork. The following individual connections showed modifications significant at the p < 0.05 threshold after analysis-level FDR-correction. Functional coupling between the right and left posterior insulae significantly increased in cosmonauts post-flight, while connections degraded between the posterior cerebellum and the primary visual cortex, and between the anterior cerebellum (activation cluster Cerebellum-03) and right parietal cortex (BA40).

In order to detect more subtle although less spatially specific changes, we computed ROI-level and network-level network-based statistics by intensity (NBS; Zalesky et al., 2010). The network-level NBS identified a subnetwork demonstrating effects of a Group × Scanning session interaction (at p < 0.05, FWE-corrected; see Figure 4). This subnetwork included five regions also showing significant connectivity modifications at the ROI level (at p < 0.05, FDR-corrected), namely: the vestibular nuclei (intensity = 22.88, size = 8), the right parietal cortex (intensity = 20.24, size = 6), the anterior part of the cerebellar network (Conn Networks atlas; intensity = 17.47, size = 7), the right posterior insula (intensity = 16.87, size = 5) and the left anterior insula (intensity = 16.47, size = 6). It is noteworthy that all suprathreshold connections of the vestibular nuclei, the right parietal cortex and the cerebellar network (anterior part) ROIs demonstrated a negative shift in PPI values (task vs. baseline differential connectivity) in cosmonauts post-flight vs. pre-flight. Connections comprising the altered networks of the affected ROIs are also presented in Figure 5 and Table 4.
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FIGURE 4. A subnetwork identified by the NBS network-level ROI-to-ROI connectivity analysis and demonstrating changes in PPI connectivity values post-flight vs. pre-flight, cosmonauts vs. controls. Line color indicates the sign and magnitude of the effect for individual connections comprising the network. The network-defining threshold (connection-wise) was set to p < 0.05, and the network-level results were FWE-corrected for multiple comparisons (NBS by intensity, p < 0.05 at the network level).
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FIGURE 5. ROI-level networks showing significant PPI connectivity modifications in the NBS analysis post-flight vs. pre-flight, cosmonauts vs. controls for the following regions: (A) the anterior part of the cerebellar network (Conn Networks atlas); (B) the left anterior insula; (C) the right inferior parietal cortex, BA40; (D) the right posterior insula; (E) the vestibular nuclei. The network-defining threshold (connection-wise) was set to p < 0.05, and the ROI-level results were FDR-corrected for multiple comparisons (NBS by intensity, q < 0.05, p < 0.05 at the ROI level). Line color indicates the sign and magnitude of the effect for individual connections comprising the networks. Note that due to the nature of the NBS analysis, no individual connection contributing to the significantly changed network may be considered as significantly altered on its own. Cyan blobs indicate the location of the ROIs for the illustrative purposes.



TABLE 4. Results of the ROI-level NBS analysis (NBS by intensity).
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Seed-to-Voxel Connectivity

Regions identified in the NBS ROI-to-ROI and ICC results as sites involved into connectivity alterations due to the spaceflight were used as seeds for the follow-up seed-to-voxel analyses performed according to the same scheme as in the main analysis (cosmonauts vs. controls, post-flight vs. pre-flight). This approach aimed to check whether the observed connectivity changes are diffuse in their nature or have any compact localizable addressees across the whole brain.

The second set of the seed-to-voxel analysis employed the same six seeds as described above (five ROIs from the NBS results, and the rpSMG cluster from the ICC results). Now the post-flight vs. pre-flight differences in PPI values characterizing the connectivity of these regions with the rest of the brain were tested for significant correlations with the individual SMS scores.

The results showed a positive correlation of the severity of space motion sickness with differential post-to-preflight, task-to-baseline connectivity between the rpSMG seed and the left insular, opercular, and frontal orbital cortices (Figure 3B and Table 5; cluster-defining threshold p < 0.001, cluster-level FDR correction with correction for the total number of seed-to-voxel follow-up analyses: p < 0.05/12 = 0.004).

TABLE 5. Correlation between the severity of space motion sickness and seed-to-voxel connectivity.
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DISCUSSION

The present study reports on alterations of task-based functional brain connectivity in a group of 11 cosmonauts after spaceflight as compared to a healthy control group. To recruit the postural and locomotor sensorimotor mechanisms that are usually most significantly impaired when space travelers return to the Earth, a plantar stimulation paradigm was used in a block design fMRI study.

Task-specific functional connectivity modifications were revealed within a set of regions involving the sensorimotor, visual, proprioceptive, and vestibular neural networks. The most notable post-flight findings include an increase in stimulation-specific connectivity of the right posterior supramarginal gyrus with the rest of the brain (as revealed by the ICC measure); strengthened connections between the left and right insulae and decreased coupling of the cerebellum with the visual cortex and with the right inferior parietal cortex (BA40) (revealed by the connection-wise ROI-to-ROI approach); and altered connectivity of the bilateral insulae, vestibular nuclei, right inferior parietal cortex (BA40) and cerebellum with other areas associated with motor, visual, vestibular, and proprioception functions (revealed by the NBS approach). A correlation was also observed between the severity of space motion sickness symptoms and connectivity between the right posterior supramarginal gyrus and the left insular region.

Since no previous studies have reported data on task-based functional brain connectivity after an actual space flight, we are unable to perform a direct comparison of our results with the previous findings. However, our data are consistent with many aspects of the broader literature, including structural neuroimaging and microgravity analog research. At the same time, as shown by the example of the EEG, which is so far the only neuroimaging technique accessible both in space and in terrestrial settings, neurophysiological data from actual and simulated microgravity may be substantially inconsistent due to multiple factors such as details of the environment, stressors and emotional states that might contaminate the observed effects (Marušč et al., 2014; Van Ombergen et al., 2017c).

Given the lack of data available for direct comparison in the field, later in the discussion we introduce some speculations that we believe to be helpful for hypothesis generating and future research. We hope that subsequent progress in neuroimaging studies of microgravity would rule out some of the theories discussed below in favor of the others.


Task-Based Activation

The task-based fMRI activation pattern evoked by the KORVIT plantar stimulation system in our study included the primary SMC, the SMA, the SII cortex (operculum) bilaterally, and, at a liberal statistical threshold, cerebellar and insular areas. Such a pattern is typical for passive gait-like plantar stimulation (Dobkin et al., 2004; Golaszewski et al., 2006; Kremneva et al., 2013; Jaeger et al., 2014; Labriffe et al., 2017) and is characterized by reduced insular and cerebellar activation compared to active foot stimulation paradigms (Sahyoun et al., 2004). KORVIT gait-like stimulation was applied to the sole zones with the maximal density of mechanoreceptors, and we believe that through proper modeling of the support afference our fMRI paradigm evoked the neural circuits essential for human upright posture and normal bipedal locomotion (Kozlovskaya et al., 2007) which might be modified in microgravity and, therefore, were the target of our research. At the same time, it should be noted that KORVIT gait-like stimulation does not activate the neural representation of the tonic muscle system exclusively. This is due to the involvement of other skin receptors, the low spatial resolution of the fMRI, and, last but not the least, the complex principles of individual muscle representation in the SMC (Kakei et al., 1999), resulting in a substantial overlap of different muscle projections (Melgari et al., 2008). Therefore, we refer to the pattern of activation obtained in our study as the neural correlates of plantar stimulation rather than the neural correlates of support afference, or tonic muscle system.

The present study failed to reveal any spaceflight-related significant differences in brain activation evoked by the plantar stimulation. In the presence of substantial individual variability among the cosmonauts (reported also by Roberts et al., 2010 in a pilot HDBR study), this null result may indicate insufficient statistical power. However, it may also mean that the ‘core’ neural system associated with the reaction to support loading remains intact after microgravity exposure, or that it completely recovers by the time of the examination (9th day after landing). The latter interpretation is supported by a recent study by Yuan et al. (2018a), who found altered activation in the cerebellum, hippocampus, and visual areas elicited by an active foot tapping fMRI paradigm in a group of volunteers during 70-day HDBR, an effect which was not found a week after HDBR. Also, microgravity-induced changes within the human sensorimotor system are likely to be paradigm-dependent, as was illustrated by our earlier case study (Demertzi et al., 2016) that reported enhanced activation in the SMA during an imaginary tennis task, but not a task involving imagery navigation through a house, after spaceflight.



Intrinsic Connectivity Contrast Data

Our data-driven approach revealed altered ICC for the plantar stimulation over baseline within the right posterior SMG in cosmonauts after spaceflight in comparison to the control group. This part of the SMG belongs to the temporoparietal junction (TPJ) region which also contains a part of the angular gyrus and the most caudal portion of the superior temporal gyrus. The TPJ region in general is believed to play an important role in the processes of motor adaptation, multisensory integration (Grefkes and Fink, 2005) and bodily self-consciousness (Pfeiffer et al., 2014). Therefore our present finding resonates with the recent results by Van Ombergen et al. (2017d), who studied healthy participants exposed to acute alterations of gravity during a parabolic flight and found a decreased resting-state ICC in the right TPJ, specifically within the angular gyrus. Additionally, their results revealed increased connectivity of this region with the SMG bilaterally. The pSMG area is known to be involved in the processing of vestibular input (Bense et al., 2001), in the perception of being upright (Kheradmand et al., 2013), and in the visual perception of object motion according to the laws of gravity (Indovina et al., 2005); the angular gyrus is associated with coordination of sensory weighting and sensory realignment mechanisms during sensorimotor adaptation (Block et al., 2013). Interestingly, the two regions showing signs of structural connectivity disruption after the spaceflight that were found in a recent diffusion MRI study by Lee et al. (2019) also lie in the white matter below the right TPJ region next to the rpSMG. The involved white matter regions belong to the superior longitudinal fasciculus, the inferior longitudinal fasciculus, and the inferior fronto-occipital fasciculus, which are all important for connecting the parietal and frontal cortices and play a role in sensory integration (Lee et al., 2019).

While interpretations involving the functions listed above are appealing, they should be considered with caution because of the heterogeneity and polyfunctional nature of the TPJ (Lee and McCarthy, 2016; Schuwerk et al., 2017) and because of the lack of exact overlap between the coordinates reported in the discussed studies and the locus of our finding (except for the overlap with results by Indovina et al., 2005). The latter is especially important given the considerable spatial extension of both the TPJ and the SMG. Remarkably, the region in the right inferior parietal cortex (BA40) that in the present study was identified as a region showing not increasing but decreasing connectivity after the spaceflight with the ROI-to-ROI approach, is also located within the rSMG, although at a distance from the cluster revealed by the ICC approach.



ROI-to-ROI Analysis


Decreased Connectivity of the Vestibular Nuclei

Altered connectivity of the vestibular nuclei was among the most predictable results of the current study because of the severe impact of microgravity on the vestibular system, starting with the deconditioned gravity sensing otolith system (Moore et al., 2003; Kornilova et al., 2012; Hallgren et al., 2016). Although the nature of the NBS results does not allow for discussion of any individual connection but only of the entire cluster of the assessed connections of the vestibular nuclei, our data make evident the decreased connectivity of the vestibular nuclei with multiple regions including other parts of the vestibular brain system (operculum, precuneus, inferior parietal cortex) as well as with motor, somatosensory, cerebellar, and visual regions in cosmonauts after spaceflight. Such disintegration cannot be accounted for by the decreased activity in the vestibular nuclei, because it was shown previously that monkeys traveling to space with chronically implanted electrodes exhibited not decreased but increased activity of the vestibular nuclei during gaze test performance both inflight and post-flight (Sirota et al., 1988; Badakva et al., 2000; Slenzka, 2003). Therefore, the more plausible explanation of the relative disconnection of the vestibular nuclei involves down-weighting of the vestibular input in order to reduce the conflict between the information from different sensory modalities (proprioception, visual, vestibular) (Block and Bastian, 2011). This idea is also supported by the co-activation pattern evoked by vestibular stimulation in a recent HDBR study by Yuan et al. (2018b) and by the results of the PF study (Van Ombergen et al., 2017d).



Increased Interinsular Connectivity

Interestingly, although the insula is considered to be an important part of the human vestibular cortex, and we found that spaceflight significantly alters connectivity of both insulae and the vestibular nuclei, no modifications of the functional connectivity between these two structures were found (even at a liberal, uncorrected threshold), suggesting that the down-weighting of the vestibular input occurs early within the stream of vestibular information processing. At the same time, the right posterior insula showed increasing connectivity with the left posterior insula and a broader area within the left insular and opercular cortex. Also the right posterior and the left anterior insulae significantly changed their connectivity within the set of regions including the proprioceptive cortex and cerebellum, as revealed by the ROI-level NBS analysis. Given that the insula is believed to play an important role not only in vestibular signal processing but also in proprioception, interoception, pain, sensory integration, motor control, and higher processes such as salience detection, emotion, and speech (Kelly et al., 2012), the increased interinsular connectivity may be hypothesized to be a compensatory aid for motor control in conditions of functional loss of vestibular modality and altered proprioception.

Changes in insular connectivity due to microgravity exposure or its ground-based analogs have been reported previously (Zhou et al., 2014; Demertzi et al., 2016). Both studies revealed a reduced resting-state functional connectivity in the insula: Demertzi et al. (2016) found this effect in the right insula of a single cosmonaut post-flight with the ICC measure, while Zhou et al. (2014) revealed it using the degree of centrality (DC) measure in the left anterior insula of a group of HDBR participants. Both findings seem to be inconsistent with our results exhibiting an intensification of insulae bilateral coupling. Since this difference might rise from the applied measure of connectivity, while the ROI-to-ROI approach is both more sensitive and more focused (and therefore it might neglect the insula’s connectivity with areas not considered in the study), we extracted the ICC values for every participant and condition from the right insula ROI constructed as a 10-mm sphere around the coordinates reported by the 2016 study (x = 48, y = −6, z = 4). These data were further used with the same ANCOVA model as the main dataset, with the same contrast (cosmonauts > controls, post-flight > preflight, plantar stimulation > rest). While there was no significant interaction effect for the ICC connectivity measure, in the majority of the cosmonauts (8 out of 11) the individual ICC changes were positive, including the cosmonaut who was the subject of the earlier case study (Demertzi et al., 2016). Therefore, we may conclude that the discrepancy in the observed direction of insular connectivity alterations most likely reflects the specific features of the task-based vs. baseline resting-state connectivity.



Decreased Connectivity of the Cerebellum

Last but not least, the finding of degraded connectivity of the cerebellar regions with multiple areas that belong to the motor, somatosensory, parietal proprioceptive, and visual cortices after long-term spaceflight (revealed by the ROI NBS and individual connection ROI-to-ROI analysis) is highly consistent with the existing literature that identifies the cerebellum as a principal brain structure for human adaptation to gravity (Razumeev and Grigoryan, 1976; Sajdel-Sulkowska, 2013), sensorimotor adaptation in general (Martin et al., 1996a, b; Werner et al., 2010; Galea et al., 2011), motor learning and fine motor control (Della-Maggiore et al., 2009; Tomassini et al., 2011; Manto et al., 2012).

Presumably, the cerebellum should play an important role in the adaptation to microgravity alterations, and regional cerebellar volumes and cerebellar-cortical connectivity are considered as possible predictors of adaptation success in space travelers (Seidler et al., 2015). In line with this idea, a recent voxel-based morphometry (VBM) study in humans revealed massive volumetric gray matter reduction in the cerebellum after a HDBR analog of microgravity that does not imply active motor control adaptation, although not after an actual long-term spaceflight (Koppelmans et al., 2016). No massive gray matter volume changes after the long-term spaceflight were reported by Van Ombergen et al. (2018) as well. In rats, a microgravity-induced ultrastructural plasticity of the cerebellum was found even after a 24-h-long spaceflight (Holstein et al., 1999).

The spaceflight-associated decrement in structural connectivity found by Lee et al. (2019) in the inferior cerebellar peduncles is consistent with the evidence for the functional disconnection of both the cerebellum and the vestibular nuclei we observe in the present study, given that the inferior cerebellar peduncle embraces the link between the vestibular nuclei and the cerebellum (Splittgerber, 2019). However, considering the indirect correspondence between structural and functional connectivity, this analogy should be made with caution.

As for the alterations of functioning, a case study (Demertzi et al., 2016) revealed a reduced resting state connectivity between the left cerebellum and the right motor cortex. Similarly, our task-based data on the altered network of the lobules VI–IX (anterior part of the cerebellar network, ROI-level NBS analysis) included decreased connectivity with both right and left lateral motor cortex regions, although these changes did not survive the connection-wise correction for multiple comparisons. Meanwhile, our data do not corroborate the findings by Cassady et al. (2016), who found increased connectivity between the right OP2 and the cerebellum during HDBR and decreased intercerebellar connectivity after bed rest. Overall, the decreased cortico-cerebellum connectivity within the motor control circuit during the gait-like stimulation found in the present study may imply a higher impact of the controlled vs. automated processes in locomotion, as a result of the microgravity exposure or in the process of readaptation to Earth’s gravity. As suggested by the degrading connection between the anterior cerebellum and the right parietal proprioceptive cortex (BA40 ROI), it also may imply the so-called cerebellum-dependent adaptation, or recalibration of the relationship between sensory input and motor output (Block and Bastian, 2012).




Connectivity of the Primary Motor and Somatosensory Cortex

Many researchers have found structural plasticity in the primary motor and somatosensory cortex after spaceflight and its analogs. One of the important findings in astronauts reported by Koppelmans et al. (2016) is a focal gray matter increase in the medial paracentral lobule, a region including the representation of the lower limbs within the primary SMC. Li et al. (2015) and Koppelmans et al. (2017b) have also found a volumetric increase of gray matter in the paracentral lobule after HDBR. Animal research has provided a detailed description of the ultrastractural plasticity in the primary motor and somatosensory cortices in rats during and after spaceflight (Belichenko and Krasnov, 1991; DeFelipe et al., 2002; Dyachkova, 2007).

Surprisingly, our data did not reveal any significant alterations in the connectivity of primary motor and somatosensory cortex ROIs. One possible reason for this may be that the gray matter increase reported by Koppelmans et al. (2016) is driven mostly by fluid shift mechanisms, i.e., by the complementary decrease in CSF volume in this region (Van Ombergen et al., 2018) rather than neuroplasticity.

For further clarification, we conducted a seed-to-voxel analysis of the PPI connectivity measures with two seeds in the paracentral lobules (left and right), adopted from T1 MNI ICBM152 and Freesurfer in order to replicate the ROI used by Koppelmans et al. (2016) in their VBM analysis. The results revealed decreased connectivity of the left (but not the right) paracentral lobule with the contralateral frontal pole and middle and inferior temporal gyri in cosmonauts vs. controls at post- vs. pre-flight (see Figure 6 and Table 6). This finding should be considered with caution due to the a posteriori character of the underlying analysis. It also does not rule out the idea that the post-flight alteration of gray matter volume is a mechanical effect. However, it shows that the major counterparts of the connectivity changes that engage the paracentral region lie beyond the set of areas chosen for the ROI-to-ROI analysis in the present study.


[image: image]

FIGURE 6. Connectivity of the paracentral lobule. Areas demonstrating altered functional connectivity with the left paracentral lobule evoked by plantar stimulation over the resting baseline in cosmonauts compared to the control group, at post- vs. pre-flight. Blue indicates decreasing connectivity with the seed. Green indicates the location of the seed.



TABLE 6. Connectivity of the paracentral lobule.
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One possible explanation of this finding is that here we observed a correlate of the previously described phenomenon of an altered lower extremity functional asymmetry in cosmonauts. A change of the leading leg from right before launch to left during the flight was observed in about half of the cosmonauts, according to the data from support reaction registrations in a study of locomotion performance during long-duration spaceflight (Brykov et al., 2015). The plausibility of such an interpretation is increased given the evidence for inversion of other brain functional asymmetries due to support unloading. EEG recordings of presaccadic slow negative potentials (PSNPs) in a dry immersion model have shown that over the course of 7 days of simulated microgravity, the focus of presaccadic negativity shifted to the right hemisphere: the PSNP amplitude sharply decreased in the left and increased in the right hemisphere (Kirenskaya et al., 2006). The authors suggested that because of support unloading and a decrease in proprioceptive input, exposure to microgravity causes a corresponding decrease in the activity of the prefrontal and parietal cortices of the left hemisphere, initially involved in preparation and realization of motor responses. The activation of the right hemisphere in this case could be of compensatory character. The same logic seems to be applicable to our present results.



Neuroplasticity, Adaptation, and Readaptation

So far, the most unequivocal results advocating for microgravity-induced neuroplasticity in the sensorimotor system of the mammal brain have been obtained with animal models (Belichenko and Krasnov, 1991; DeFelipe et al., 2002; Dyachkova, 2007). As for the human data, even today microgravity-induced neuroplasticity is discussed in the literature only as a highly plausible theoretical speculation not sufficiently supported by empirical evidence (Koppelmans et al., 2017a; Van Ombergen et al., 2017a). The reason for this caution is not only a lack of data, but also the problems of inference. With non-invasive techniques, central neuroplasticity can hardly be disentangled from numerous low-level confounds arising from the upward displacement of the brain within the skull (Roberts et al., 2017), changes in CSF production and reabsorption (Nelson et al., 2014; Kramer et al., 2015), adaptations in cardiovascular functioning (Zhu et al., 2015) and brain hemodynamics (Kawai et al., 2003; Blaber et al., 2013; Taylor et al., 2013).

However, it is very unlikely that behavioral adaptation and motor learning in space travelers is acquired without any modifications in brain structure and function. Modern neuroscience has collected extensive evidence for experience-induced neuroplasticity in adults learning new skills, and such plasticity becomes visible with neuroimaging even in short periods of time (Dayan and Cohen, 2011; Sampaio-Baptista et al., 2018). This research may guide our understanding of spaceflight’s consequences and their reversible nature (Seidler et al., 2015).

Upon returning to Earth, the space crewmembers pass through a readaptation period since the new motor control strategies acquired in microgravity become maladaptive in the terrestrial settings. Transition to another state of the sensorimotor system takes time, and may be traced for up to 2 weeks at least (Mulavara et al., 2010). The time-course of the readaptation demonstrates substantial individual differences and may be affected by a wide range of factors, from genetic to behavioral (Seidler et al., 2015). Therefore, the signs of the neuroplasticity observed in the readaptation period should be considered not only as residual consequences of the long-term microgravity exposure, but as a mixture of effects induced by spaceflight and the subsequent readaptation to Earth. This view is supported by evidence from animal research which shows continuing ultrastructural modifications in the rat somatosensory cortex, especially in terms of the functional activity or degeneration of axonal terminals in the first hours upon reentry to the Earth’s gravity and even 14 days after landing (Dyachkova, 2007). With this consideration, the time period between landing and subsequent MRI examination, for example, the difference of 4 vs. 9 days discussed by Roberts et al. (2017) should be taken into account as an important variable in future research.

The results of the present study perfectly illustrate the inference problem arising from the mixture of adaptation and readaptation processes. Thus, the unchanged fMRI activation pattern elicited by the plantar stimulation may reflect either the preservation of the ‘core’ neural system associated with the reaction to support loading, or the fast and effective recovery of this system in the first days after spaceflight. Similarly, the observed modifications of the connectivity between different sensory inputs utilized by the motor system (vestibular, proprioceptive, visual) may reflect not only impairment in the default motor control connectivity due to the vestibular deprivation and biomechanic factors associated with microgravity, but also a dephasing of the motor control strategies adopted during spaceflight in favor of the neural implementation of ground-based locomotion.

Interestingly, the hypothesis that after a prolonged space flight the human brain features two co-existing neural networks supporting two modes of locomotion — one for 1 g-gravity and one for microgravity — could account for the fact that second-time flyers adapt more quickly and are less prone to microgravity-induced problems (Kozlovskaya et al., 2015). It also encourages a perspective on divergent signs between the task-based and resting-state connectivity alterations highlighted in the previous discussion (the right TPJ results in Van Ombergen et al., 2017d and in the present study; the insula connectivity results in Zhou et al., 2014; Demertzi et al., 2016 and in the present study). The task-based connectivity measures provide information about the current state of the functional brain organ accomplishing some motor activity such as locomotion. At the same time, it is widely believed that resting-state connectivity represents the background activity of large-scale neural networks that become active when triggered by certain stimulations or tasks (Heine et al., 2012). If so, the resting-state connectivity after a space flight provides amalgamated information about all co-existing motor networks, both the one presently used and the one adapted for microgravity conditions and unused in terrestrial settings. Therefore, a comparison of the connectivity data from these two sources may provide an important basis for future insights into the mechanisms of neuroplasticity within the motor system.



Implications for the Sensory Reweighting Theory

In microgravity, alterations in biomechanics such as modified relationships between the mass of a body part and the force required to move it call for a recalibration of the correspondence between sensory input and motor output (sensory realignment), which is believed to be the function of the cerebellum (Block and Bastian, 2012). At the same time, the otolith afferentation is substantially altered. Not only does it become unreliable, but the otherwise tight coupling of canal-otolith information gets lost, and a conflict in the input from different sensory modalities (vestibular, proprioceptive, and visual) is created (Kornilova and Kozlovskaya, 2003; Davis et al., 2008). The motion sickness syndrome is believed to be a consequence of such sensory mismatch (Reason and Brand, 1975; Schmäl, 2013) and is often experienced by space travelers and described as space motion sickness (Heer and Paloski, 2006; Kornilova et al., 2013).

This sensory conflict calls for a second type of sensorimotor adaptation that involves a recalibration of the relationship between several sensory modalities. Theoretically, this may be dealt with by reweighting the sensory inputs; that is, by downweighting the less reliable modality and prioritizing a more reliable one (Horak et al., 1990). The neural mechanisms of multisensory reweighting remain generally unclear. Reweighting has been studied predominantly in patients with postural pathologies and sensory loss, children and the elderly (e.g., Jeka et al., 2010; Polastri and Barela, 2013), but it has also been suggested as an important mechanism of motor adaptation in astronauts who demonstrate increased reliance on visual and tactile information during and after spaceflight (Reschke et al., 1998; Speers et al., 1998; Clément et al., 2001). Evidence for multisensory reweighting in astronauts has been collected on the basis of kinematic and tactile sensitivity research and subsequent modeling (Speers et al., 1998; Clément et al., 2001; Lowrey et al., 2014).

Given the substantial individual differences between space travelers in their susceptibility to space motion sickness (and therefore in the supposed degree of the proposed sensory reweighting) and the small size of our sample, it may be the case that pronounced neural correlates of sensory reweighting may be found in some but not all cosmonauts. Therefore we examined the role of individual differences and looked for possible correlations between the severity of space motion sickness symptoms and connectivity of the areas changing their connectivity pattern during plantar stimulation in cosmonauts post-flight as shown by the ROI-to-ROI and ICC approaches. The observed correlations suggest the potential importance of connection between the left insula and the right TPJ regions for the neural mechanisms of space motion sickness and sensory reweighting in microgravity. The greater the post- vs. pre-flight difference in connectivity between the two regions, the more pronounced were the symptoms of space motion sickness, which is consistent with the idea of a possible compensatory role of the insula and its connectivity, as discussed above.



Implications for the Gravitational Motor System Theory

According to the gravitational motor system theory (Kozlovskaya et al., 1988), keeping an upright stance in humans is the function of specialized tonic muscle system mainly comprised of the tonic motor units of the extensors. The support afference from the deep skin mechanoreceptors is considered to be the most important sensory input driving motor control in this system. Empirical evidence comes from both actual spaceflights and ground-based models showing that withdrawal of support entails a reflectory decline of transverse stiffness and a voluntary force of tonic extensor (postural) muscles, limiting their participation in locomotion and increasing the involvement of phasic muscle units (Kozlovskaya et al., 1988, 2007; Shigueva et al., 2015). The prevalence of the flexor over the extensor activity leads to the adoption of a quasi-embryonic flexor posture (Margaria, 1966; Bogdanov and Gurfinkel, 1976) and to a changed pattern of coordinated muscle recruitment (Roy et al., 1996). Support unloading has also been found to result in increased sensitivity of the vestibular system in different types of dry immersion in humans (Kreidich, 2009; Kornilova et al., 2016). Similar increased vestibular excitability has also been revealed in the actual microgravity in primates (Sirota et al., 1988) and in cats and a monkey in parabolic flight (Grigorian et al., 1995). These findings were in line with the hypothesis that the vestibular system normally experiences an inhibitory influence from the support afferent system and activates when the influence is removed (Kreidich, 2009). Such inhibitory modulation may be implemented through inhibitory connections projecting from the cerebellum onto the vestibular nuclei (Ito, 1972).

Our present results are in agreement with this theory. In space travelers we did not find evidence for alterations in brain activation elicited by the support afferentation (gait-like plantar stimulation). This is likely to be a result of the fast recovery of the system processing support afference in cosmonauts within the very first days upon their return to the Earth’s gravity. At the same time, evidence for the down-weighting of the vestibular input was still present on the 9th day upon return when most cosmonauts underwent their post-flight scan. Since in microgravity the support afferent system becomes effectively silent and therefore is not involved in sensory conflicts, we may suppose that it is also minimally involved in sensory re-weighting, unlike the vestibular system which produces massive but unreliable sensory signals during space flight. We may further suppose that the fast recovery of the support afferent system’s activity upon return to Earth is accompanied by the restoration of its inhibitory modulation on the vestibular system, which in turn slows down the recovery of the vestibular function. Testing this hypothesis may become a prospective direction of future behavioral and neuroimaging research.




CONCLUSION

Our data show changes in functional brain connectivity specific for a plantar stimulation task in a group of the cosmonauts after long-term spaceflight as compared to a control group. The observed alterations included a disconnection of the vestibular nuclei, the superior part of the right supramarginal gyrus, and the cerebellum from a set of motor, somatosensory, visual, and vestibular areas. Increased connectivity was found between the left and right insulae as well as between the part of the right posterior supramarginal gyrus within the TPJ region and the rest of the brain. A post- to pre-flight difference in connectivity between the latter area in the right posterior temporal cortex and the left anterior insula demonstrated a correlation with the severity of space motion sickness symptoms. At the same time, no alterations were found in activation elicited by the gait-like plantar stimulation. The findings cannot be attributed solely to the lasting effects of long-term microgravity exposure since such effects are contaminated by the readaptation to Earth’s gravity that took place between the landing and the post-flight MRI session. Nevertheless, the results suggest implications for the multisensory reweighting and gravitational motor system theories, generating hypotheses to be tested in future research.
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A Moderate Daily Dose of Resveratrol Mitigates Muscle Deconditioning in a Martian Gravity Analog
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While there is a relatively good understanding of the effects of microgravity on human physiology based on five decades of experience, the physiological consequences of partial gravity remain far less well understood. Until recently, no model had been able to replicate partial gravity such as that experienced on Mars (0.38 g), which would be critical to help sustain long-term missions and ensure a safe return to Earth. Recent development of two partial weight bearing (PWB) models, one in mice and one in rats, now allows for quadrupedal partial unloading that mimics Martian gravity. Resveratrol (RSV), a polyphenol most commonly found in grapes and blueberries, has been extensively investigated for its health benefits, including its anti-inflammatory, anti-oxidative, and anti-diabetic effects. In the context of mechanical unloading, RSV has also been shown to preserve bone and muscle mass. However, there is a lack of research regarding its effect on the musculoskeletal system in partial gravity. We hypothesized that a moderate daily dose of RSV (150 mg/kg/day) would help mitigate muscle deconditioning in a Mars gravity analog. Indeed, our results demonstrate that RSV treatment during partial unloading significantly preserves muscle function (e.g., the average change in grip force after 14 days of PWB40 was of −6.18, and +10.92% when RSV was administered) and mitigates muscle atrophy (e.g., RSV supplementation led to an increase of 21.6% in soleus weight for the unloaded animals). This work suggests the potential of a nutraceutical approach to reduce musculoskeletal deconditioning on a long-term mission to Mars.
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INTRODUCTION

After decades of manned low earth orbit missions, space agencies are now targeting other planets for human exploration. In the upcoming years, NASA plans to send astronauts to the Moon and to Mars (National Aeronautics and Space Administration [NASA], 2018), both of which display a significantly lower gravity than Earth (0.16 and 0.38 g, respectively). While there is an extensive literature reviewing the impact of microgravity (real or simulated) on the muscular system (Fitts et al., 2000; Morey-Holton et al., 2005; Baldwin et al., 2013; Chowdhury et al., 2013; Ohira et al., 2015; Radugina et al., 2018), relatively little is known about the effects of partial gravity. Thus, mitigating strategies will be needed to prevent muscle deconditioning and allow astronauts to safely perform tasks upon arrival on Mars, especially after being reintroduced to gravity, even if at a reduced level.

Among potential medicinal interventions to prevent muscle deterioration, nutraceuticals are especially appealing since they are naturally occurring compounds that are present in the diet. Moreover, astronauts en route to Mars will not have the opportunity to exercise with the same devices currently deployed on the ISS (Petersen et al., 2016). Of potential candidates, resveratrol (RSV), a polyphenol, commonly found in grape skin, red wine, and blueberries and used as a dietary supplement, has been widely investigated (Tran et al., 2017; Yonamine et al., 2017; Zhang et al., 2017, 2018; Zhu et al., 2017; Franck et al., 2018), and declared safe for animals and humans (Williams et al., 2009). RSV has already been studied for its osteoprotective effects (Shen et al., 2012; Durbin et al., 2014; Ornstrup et al., 2014), and described as a physical exercise mimetic to prevent wasting disorders during hindlimb unloading (Momken et al., 2011). However, its mitigating effect has never been studied in a partial weight-bearing (PWB) model.

In this study, we hypothesized that daily supplementation with a moderate dose of RSV would mitigate muscle impairment in a ground-based partial gravity analog that mimics a Martian environment (0.4 g, PWB40). If correct, our results would offer proof of concept for such intervention with subsequent efforts devoted to unraveling potential underlying mechanisms of action.



MATERIALS AND METHODS


Animals and Supplementation

Twenty-four male Wistar rats (Charles River Laboratories Inc., Wilmington, MA, United States) weighing 425 ± 6.73 g (14 weeks of age) were obtained and housed in a temperature-controlled (22 ± 2°C) room with a 12:12-hour light-dark cycle. Water and rat chow were provided ad libitum and daily food intake was monitored. Animals were exposed to normal loading (PWB100) or Martian gravity (40% of normal loading: PWB40) for 14 days. Detailed description about the control group, the housing environment and the suspension apparatus can be found in our previous articles describing this model (Mortreux et al., 2018, 2019). Half of the animals in each group received resveratrol daily (RSV, 150 mg/kg/day, Transreveratrol HPLC Purified, megaresveratrol.net, Candlewood Stars, Inc, Danbury, CT, United States) starting at baseline (day 0). RSV was prepared daily by mixing the powder with 10% sucrose water into a 150 mg/ml solution that was administered orally using a 1 mL syringe. Animals were weighed weekly, free of their suspension apparatus. All experimental protocols were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee.



Longitudinal Limb Muscle Assessment

Weekly, calf circumference was measured at the left tibia mid-shaft. Animals were anesthetized with isoflurane and placed in a prone position with their left hind limb taped at a 45-degree angle. Fur was removed using a hair clipper (Braintree Scientific, Braintree, MA, United States) and suture thread was used to obtain three circumference measurements and the average was recorded.

Using a 50 N grip force meter (Chatillon, Largo, FL, United States), both front and rear paw grip force were assessed weekly by performing three gentle pulls until the animals released their grip, allowing them to rest for 30 s between trials. The peak force of each trial was recorded and the three trials averaged.



Terminal Muscle Assessment

After 14 days, animals were sacrificed and the triceps surae (e.g., soleus and gastrocnemius muscles) was harvested and muscle wet mass was measured using a precision balance (Fisher Scientific, Pittsburgh, PA, United States). Muscles were fixed in 10% formalin for 48 h and embedded in paraffin. Immunohistochemical analysis was performed using anti-collagen VI (ab6588, Abcam, Cambridge, MA, United States) and anti-slow skeletal myosin heavy chain (ab11083, Abcam, Cambridge, MA, United States) antibodies. Images were obtained at 20× using an epifluorescence microscope (Zeiss Axio Imager M1) and a minimum of 100 myofibers were analyzed for each muscle with FIJI (ImageJ, NIH) using the muscle morphometry plug-in (Anthony Sinadinos using Eclipse IDE) to calculate the average myofiber cross sectional area (CSA) with the experimenter blinded for treatment and gravity level.



Statistical Analyses

Longitudinal measurements were analyzed using repeated measures 2-way ANOVA followed by Tukey’s multiple comparisons test. Terminal measurements were analyzed using 1-way ANOVA followed by Tukey’s post hoc test. All results were considered significant when p < 0.05 and performed using GraphPad Prism 7.




RESULTS

Resveratrol supplementation did not influence body weight (Figure 1A) in any group as compared to un-supplemented animals. Calf circumference was not impacted by the RSV supplementation and animals from both PWB40 and PWB40 + RSV groups displayed a significant reduction over time compared to either their baseline values or to the two control groups (Figure 1B). After 14 days, rats undergoing PWB40 were the only group performing below baseline values for front paw grip force, and significantly lower than all other groups (Figure 1C). In the hindlimbs (Figure 1D), a significant decline in grip force was evidenced as early as 7 days. RSV supplementation totally rescued grip force in both the front and hindlimbs of the rats exposed to partial unloading (Figures 1C,D).
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FIGURE 1. Weekly changes in body weight (A), calf circumference (B), front paw (C) and rear paw (D) grip force compared to pre-suspension values (day 0). Data are presented as mean ± SEM; results of the post hoc tests following the ANOVA are indicated. N = 6 per group. *p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and *⁣*⁣**p < 0.0001 vs. PWB100, respectively. #p < 0.05, ##p < 0.01, ###p < 0.001, and #⁢#⁢#⁢#p < 0.0001 vs. PWB100 + RSV, respectively. $$p < 0.01 vs. PWB40. £p < 0.05, £⁢£p < 0.01, £⁢£⁢£p < 0.001, and £⁢£⁢£⁢£p < 0.0001 vs. baseline values (day 0), respectively.



Data on terminal muscle assessment are presented in Figure 2 and Supplementary Tables S1, S2. Animals exposed to PWB40 alone displayed a significantly reduced soleus mass, average CSA, and slow-twitch-CSA compared to both non-unloaded groups. In contrast, RSV supplementation in animals exposed to PWB40 prevented muscle atrophy (Figure 2A) and partially rescued myofiber CSA (Figure 2B and Supplementary Table S2), but did not induce any significant change for the group at PWB100. As visualized in the images (Figure 2C), we observed a significant reduction of the myofiber type switch in the soleus of the rats undergoing PWB40 and supplemented with RSV (p = 0.0269 vs. PWB40, Supplementary Table S1). In the gastrocnemius, PWB40 induced a significant reduction of muscle mass (Figure 2D) and CSA (Figures 2E,F). RSV supplementation successfully increased muscle wet mass compared to non-treated animals (Figure 2D), but did not fully restore the average CSA (Figure 2E). However, the fiber-specific CSA did not significantly differ compared to the two non-unloaded groups (Supplementary Table S2). While a slight increase in slow-twitch myofibers was visible in the PWB40 + RSV group (Figure 2F), it was not significantly different compared to the other groups (Supplementary Table S1).
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FIGURE 2. Terminal assessment of the muscles of the triceps surae, including soleus (A) and gastrocnemius wet mass (D), soleus (B) and gastrocnemius (E) average cross sectional area (CSA), and representative images of the soleus (C) and gastrocnemius (F) muscles stained with anti-collagen VI (red), anti-slow-skeletal myosin heavy chain (green), and DAPI (blue). N = 6 per group. The results are presented as mean ± SEM; the results of the post hoc tests following the ANOVA are indicated. *p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 vs. PWB100, respectively. #p < 0.05, ###p < 0.001, and #⁢#⁢#⁢#p < 0.0001 vs. PWB100 + RSV, respectively. $p < 0.05, $$p < 0.01, and $$$p < 0.001 vs. PWB40, respectively.





DISCUSSION

We previously demonstrated that our PWB system was well tolerated by the rats over a 14-day period (Mortreux et al., 2018, 2019) despite an initial body weight loss, similar to that observed in HLU models (Brooks et al., 2009) and analogous to what occurs in astronauts in flight (Matsumoto et al., 2011). As reported previously in healthy animals (Rauf et al., 2017), RSV did not affect food intake (Supplementary Table S3) or body weight (Figure 1A) in our study. In rodent models, grip force rapidly declines when animals are exposed to PWB (Wagner et al., 2010; Mortreux et al., 2018, 2019). Here we show that at all time-points, rats exposed to PWB40 + RSV did not score lower than their baseline values, or their non-unloaded counterparts. In both front and rear paw grip force experiments, the PWB40 cohort was the only group that displayed a significant decrease in grip force compared to their baseline (rear paw, Figure 1D) and that of the other groups (front paw, Figure 1C). As previously reported (Mortreux et al., 2018), we observed a slight recovery in rear paw grip force after 14 days of PWB40. The reason for this improvement is uncertain, but may be due, in part, to an adaptation to partial unloading or adult growth.

Ex vivo analysis highlighted the muscle-protective effect of RSV (Figure 2). In both the gastrocnemius and soleus muscles, we observed a significant rescue of muscle wet mass comparable to the one observed by Momken et al. (2011) after 14 days of HLU. These findings are further confirmed by the histomorphometric analyses. In the soleus, the average CSA in the PWB40 + RSV group was significantly higher than in the PWB40 group, but remained significantly lower than the PWB100 + RSV group. No differences were seen between the PWB40 + RSV group and the PWB100 controls. In the gastrocnemius, only the PWB40 group displayed a significantly lower average CSA compared to the PWB100 + RSV group. This could be due to the limited number of slides analyzed.

During spaceflight and in rodent models of mechanical unloading, a myofiber type switch has been described (Desplanches, 1997; Lomonosova et al., 2016; Shenkman, 2016; McDonald et al., 2017) in static, weight-bearing muscles such as the soleus, which predominantly consists of slow-twitch fibers, thus providing endurance over dynamic strength. Muscle deconditioning increases the proportion of type two fast twitch fibers in weight-bearing muscles, therefore making them prone to muscle fatigue. While our PWB40 animals displayed a significantly smaller percentage of type 1 fibers in the soleus compared to the normally loaded groups (Supplementary Table S1), rats undergoing PWB40 + RSV did not. This maintenance of muscle composition could explain the preservation of muscle function as demonstrated by our functional assessments. In contrast, gastrocnemius fiber type was not significantly altered by partial unloading or by RSV treatment, despite a 94.21% increase in type 1 myofiber compared to the PWB40 group.

Our initial functional study highlights the benefits of a moderate daily dose of RSV, however, several limitations are to be taken in consideration. First, our study involved only a modest number of male rats (n = 24), thus, we do not yet know if RSV supplementation would benefit females, similarly. Second, we assessed the effect of a single dosage of RSV (150 mg/kg/day). This choice was based on the literature and the known protective effects of RSV on bone (Durbin et al., 2014). Nevertheless, many dosages of RSV have been tested in animal models, up to 700 mg/kg/day (Williams et al., 2009), therefore, a more efficient dose to prevent muscle deconditioning during partial unloading could exist. Finally, our study assessed the functional outcomes of performance and composition of the main weight-bearing hindlimb muscles but did not focus on the deeper mechanisms and pathways that could be involved.

One possible explanation for our findings is that RSV could be responsible for maintaining skeletal muscle insulin sensitivity through its beneficial effect on glucose homeostasis and GLUT4 expression (Momken et al., 2011; Yonamine et al., 2017). Indeed, muscle is intrinsically linked to energy homeostasis since it is a major consumer of glucose during contraction. The transporter GLUT4 controls glucose uptake in the skeletal muscle, and when dysregulated, insulin resistance occurs (Dyar et al., 2014). This metabolic dysfunction has been observed in both astronauts and ground-based animal models of mechanical unloading (Tobin et al., 2002; Hughson et al., 2016; Gambara et al., 2017; Tascher et al., 2017). In diabetic animals, it has been shown that RSV treatment increases muscle weight and protein content by regulating GLUT4 expression in the skeletal muscle (Yonamine et al., 2017), while in healthy hypokinetic animals, RSV supplementation before, during, and after mechanical unloading, enhances insulin sensitivity and muscle recovery (Momken et al., 2011; Bennett et al., 2013), suggesting the presence of a significant link between glucose homeostasis and muscle health. Alternatively, this mitigating phenomenon could also be attributed to the anti-oxidative and anti-inflammatory effects of RSV, which could be crucial for the musculoskeletal system during a period of mechanical unloading, and are currently being investigated using other polyphenols such as dried plums (Simonavice et al., 2013; Schreurs et al., 2016). Further metabolic analyses will be required to unravel the cellular mechanisms involved in the muscle-protective effects of a moderate daily dose of RSV.

Taken together, our results highlight the therapeutic potential of RSV as a nutraceutical countermeasure to prevent muscle deconditioning in an animal model of Martian gravity. Further investigations should optimize the dose of RSV for the preservation of muscle function and explore the mechanisms involved. In addition, it will be important to confirm the lack of any potentially harmful interactions of RSV with other drugs administered to astronauts during space missions.
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Nitric oxide (NO), produced by NO-synthases via L-arginine oxidation, is an essential trigger for signaling processes involved in structural and metabolic changes in muscle fibers. Recently, it was shown that L-arginine administration prevented the decrease in levels of the muscle cytoskeletal proteins, desmin and dystrophin, in rat soleus muscle after 14 days of hindlimb unloading. Therefore, in this study, we investigated the effect of L-arginine administration on the degree of atrophy changes in the rat soleus muscles under unloading conditions, and on the content, gene expression, and phosphorylation level of titin, the giant protein of striated muscles, able to form a third type of myofilaments—elastic filaments. A 7-day gravitational unloading [hindlimb suspension (HS) group] resulted in a decrease in the soleus weight:body weight ratio (by 31.8%, p < 0.05), indicating muscle atrophy development. The content of intact titin (T1) decreased (by 22.4%, p < 0.05) and the content of proteolytic fragments of titin (T2) increased (by 66.7%, p < 0.05) in the soleus muscle of HS rats, compared to control rats. The titin gene expression and phosphorylation level of titin between these two groups were not significantly different. L-Arginine administration under 7-day gravitational unloading decreased the degree of atrophy changes and also prevented the decrease in levels of T1 in the soleus muscle as compared to HS group. Furthermore, L-arginine administration under unloading resulted in increased titin mRNA level (by 76%, p < 0.05) and decreased phosphorylation level of T2 (by 28%, p < 0.05), compared to those in the HS group. These results suggest that administration of L-arginine, the NO precursor, under unloading decreased the degree of atrophy changes, increased gene expression of titin and prevented the decrease in levels of T1 in the rat soleus muscle. The results can be used to search for approaches to reduce the development of negative changes caused by gravitational unloading in the muscle.

Keywords: L-arginine, titin, muscle atrophy, nitric oxide, skeletal muscle


INTRODUCTION

Nitric oxide (NO) is an essential trigger for signaling processes that lead to structural and metabolic changes in muscle fibers (Shenkman et al., 2015b). It is produced by NO-synthases during oxidation of the amino acid L-arginine. NO-synthase actively participates in the regulation of protein and energy metabolism in skeletal muscles, including the regulation of protein synthesis and degradation (Shenkman et al., 2015b).

Neuronal isoform (nNOSμ), associated with dystrophin in the subsarcolemmal region, is mostly expressed in skeletal muscles (Nakane et al., 1993; Brenman et al., 1995). Neuronal NO-synthase is regulated by intracellular Ca2+ via Ca2+-dependent binding of the enzyme to the calcium-calmodulin complex (Forstermann et al., 1991). Neuronal NO-synthase is also activated by its substrate L-arginine, which is metabolized to NO (Shenkman et al., 2015b).

Muscle NO concentration has been shown to increase with an increase in muscle contractile activity (Perez et al., 2002; Vassilakopoulos et al., 2003; Pye et al., 2007) and decrease after muscle unloading (Lomonosova et al., 2011). Unloading leads to skeletal muscle atrophy accompanied with excessive degradation of the giant sarcomeric proteins, titin and nebulin (Shenkman et al., 2002; Udaka et al., 2008; Ulanova et al., 2015). The calcium-dependent cysteine proteases, μ-calpain (calpain-1) and m-calpain (calpain-2), have been reported to be involved in the initiation of proteolysis of titin and nebulin (Goll et al., 2003; Shenkman and Nemirovskaya, 2008; Mohrhauser et al., 2011).

It was found that NO inhibited m-calpain activity in vitro via S-nitrosylation of the active site cysteine (Koh and Tidball, 2000). It was also shown that NO produced endogenously by the skeletal muscles and other cell types has the potential to inhibit m-calpain activity and cytoskeletal proteolysis (Koh and Tidball, 2000; Samengo et al., 2012). Moreover, age-related loss of NO-synthase in the skeletal muscles was reported to decrease calpain S-nitrosylation, thereby leading to increased myofibril degradation and sarcopenia (Samengo et al., 2012). In addition, the proteolytic susceptibility of titin, the giant elastic protein present in vertebrate striated muscles (Tskhovrebova and Trinick, 2017; Herzog, 2018; Kellermayer et al., 2018; Linke, 2018), has been reported to be affected by titin phosphorylation (Gritsyna et al., 2017).

Nitric oxide is also known to be involved in the regulation of gene expression; brain-derived neurotrophic factor was reported to trigger NO synthesis and S-nitrosylation of histone deacetylase 2 in neurons, resulting in changes to histone modifications and gene activation (Nott et al., 2008).

Changes in titin gene expression were observed in mice skeletal muscles that were atrophied after a 30-day-long space flight (Ulanova et al., 2015). Increased titin degradation and reduced titin content were also observed. Studies of changes in the expression of the titin-coding gene (TTN) in conditions of simulated gravitational unloading have not been conducted. Recently, it was shown that L-arginine administration decreased the degree of atrophy changes and prevented the decrease in levels of the muscle cytoskeletal proteins, desmin and dystrophin, in rat soleus muscle during unloading (Lomonosova et al., 2011). However, the precise mechanism underlying the prevention of muscle atrophy by L-arginine is not yet known, and the effect of L-arginine on titin gene expression and degradation is not clear. Therefore, in this study, we investigated the effect of L-arginine administration on the (i) degree of atrophy changes in rat soleus muscles after hindlimb unloading, (ii) level and gene expression of titin, and (iii) changes in levels of titin phosphorylation in rat soleus during unloading. New data were obtained showing that administration of L-arginine, the NO precursor, under gravitational unloading decreased the degree of atrophy changes, increased gene expression of titin and prevented the decrease in levels of T1 in the rat soleus muscle.



MATERIALS AND METHODS


Animals and Ethical Approval

Fifteen 3-month-old male Wistar rats (190 ± 5 g) were obtained from the certified Nursery for laboratory animals, Institute of Bioorganic Chemistry of the Russian Academy of Sciences (Pushchino, Moscow region). The animals were housed in a temperature-controlled room under a 12:12 h light–dark cycle; food pellets and water were provided ad libitum. This study was carried out in accordance with the recommendations of Grundy (2015) and the European Convention for the protection of Vertebrate Animals used for Experimental and Scientific purposes (Council of Europe number 123, Strasbourg, 1986). The protocol was approved by the Biomedicine Ethics Committee of the Institute of Biomedical Problems of the Russian Academy of Sciences/Physiology section of the Russian Bioethics Committee (protocol no. 421 of April 14, 2016). All efforts were made to minimize the animal pain and suffering. Prior to all surgical procedures, the animals were anesthetized with an intraperitoneal injection of tribromoethanol (240 mg kg–1). The depth of anesthesia was evaluated by testing the pedal withdrawal reflex (toe and foot pad pinch).



Hindlimb Unloading and L-Arginine Administration

The hindlimbs were unloaded using a standard rodent hindlimb suspension (HS)/unloading model (Morey-Holton and Globus, 2002). Briefly, a strip of adhesive tape was applied to the animal’s tail, which was suspended by passing the tape through a swivel attached to a metal bar on the top of the cage. This setup allowed the forelimbs to be in contact with the grid floor and allowed the animals to move around the cage for free access to food and water. The suspension height was adjusted to prevent the hindlimbs from touching any supporting surface while maintaining a suspension angle of approximately 30°. The animals were randomly divided into three groups (n = 5/group): (1) C, cage control; (2) HS, 7-day hindlimb suspension; and (3) HSL, 7-day hindlimb suspension + L-arginine. 7 days were chosen because preliminary studies demonstrated the development of atrophy in human soleus fibers and significant decrease in the titin content after 7 days gravitational unloading (Shenkman et al., 2004). Animals from the HSL group were daily administered 500 mg kg–1 L-arginine (“NOW Foods”, United States) via intramuscular injections. The dose of L-arginine was previously tested and found to be optimal (Lomonosova et al., 2011). The rats from the C and HS groups were administered an equivalent dose of saline. Under anesthesia, the soleus muscles from the control and unloaded rats were surgically excised from both the hindlimbs, frozen in liquid nitrogen, and stored at –80°C until further analysis.



RNA Isolation

Total RNA was isolated from the samples using the AurumTM Total RNA Fatty and Fibrous Tissue kit, according to the manufacturer’s protocol (Bio-Rad Laboratories, Inc., Hercules, CA, United States). The total RNA quality was assessed by visualizing the integrity of the 18S and 28S rRNA after electrophoresis in 1% agarose gels. Total RNA concentration was determined via spectrophotometry (NanoDrop ND-1000 spectrophotometer; Nano-Drop Technologies, Waltham, MA, United States). RNA solutions were stored at −75°C.



Reverse Transcription-Quantitative Polymerase Chain Reaction

Isolated mRNA was reverse-transcribed to cDNA using the M-MLV reverse transcriptase (Evrogen, Moscow, Russia) and oligo-dT15 primers (catalog number SB001, Evrogen). Primers specific for gene fragments of titin and GAPDH were selected using Vector NTI software. The following primer pairs were used: titin (N2A isoform) 5′-CAGCAGCCAAGAAAGCCGCT-3′ (forward), 5′-CACCACTCTGATACTCTGAGGCTCTG-3′ (reverse) and GAPDH gene 5′-GCAAGAGAGAGGCCCTCAG-3′ (forward), 5′-TGTGAGGGAGATGCTCAGTG-3′ (reverse). Nucleotide gene sequences were obtained from the NCBI GenBank database. Real-time PCR was performed using a DT-322 amplifier (DNA-Technology, Moscow, Russia), Taq-DNA polymerase (Evrogen), and SYBR Green I fluorescent dye (Invitrogen, Carlsbad, CA, United States). PCR was performed as follows: (i) hot start at 95°C for 5 min, (ii) denaturation at 95°C for 15 s, (iii) primer annealing at 64°C for 20 s, and (iv) extension at 72°C for 20 s. Stages 2 to 4 were repeated 35 times. The amplification products were analyzed by electrophoresis in a 7% polyacrylamide gel. The PCR products were isolated from the gel according to the Cleanup Standard protocol (Evrogen, Russia). DNA fragments were sequenced in Evrogen. BLAST program software was used for identification of the PCR product (see Supplementary Materials). The changes in titin gene expression were determined according to the 2–ΔΔct method (Livak and Schmittgen, 2001), and the housekeeping gene GAPDH was used for normalization.



SDS-PAGE Analysis of Titin

Changes in titin-1 (T1, intact titin) and T2 (proteolytic fragments) content were determined using polyacrylamide slab gels (2.2%, 10 × 10 × 0.1 cm). The gels were strengthened with agarose according to the Tatsumi–Hattori technique (Tatsumi and Hattori, 1995) with some modifications reported previously (Vikhlyantsev and Podlubnaya, 2017). Muscle tissues were homogenized in lysis buffer (12 mM Tris HCl, 1.2% SDS, 10% glycerol, 2% β-mercaptoethanol or 75 mM DTT, 5 μg/ml leupeptin, and E64, pH 6.8 to 7.0). To prevent titin degradation at high temperatures (Granzier and Wang, 1993), the samples were incubated for 30 to 40 min at 40°C instead of boiling them (Vikhlyantsev and Podlubnaya, 2017). Protein concentrations were measured using the NanoDrop ND-1000 Spectrophotometer. To ensure that equal protein amounts were loaded into the gels, samples from the control and experimental groups were all run on the same gel. SDS-PAGE analysis was performed using the Helicon VE–10 system (Moscow, Russia) at 8 mA. The gels were stained with Coomassie brilliant blue G-250 and R-250 mixed in a 1:1 ratio.



Determination of Titin Phosphorylation Levels

The level of titin phosphorylation was determined using a previously described method (Borbély et al., 2009) with minor modifications. The native level of protein phosphorylation was estimated in the gels using the fluorescent dye Pro-Q Diamond (Invitrogen). The gels were incubated in an aqueous solution of 50% ethanol and 10% acetic acid for 12–18 h, washed with distilled water for 30 min, and stained for 1.5 h. The gels were then rinsed in Pro-Q Diamond phosphoprotein gel destaining solution (Invitrogen), and the protein bands containing phosphate groups were visualized using the ChemiDocTM Touch Imaging System (Bio-Rad). The data were processed using the Image Lab Software (Bio-Rad). Finally, the gels were stained with Coomassie brilliant blue G-250 and R-250, mixed in a 1:1 ratio, to determine the total protein content.



Densitometry and Statistical Analysis

Gels were digitized, and the data were processed using the TotalLab v1.11 software (Newcastle Upon Tyne, England). To determine the titin content relative to that of the myosin heavy chain, the total optical density of the myosin heavy chain peak and the total optical density of the T1 and T2 peak were determined on the same gel, as described previously (Cazorla et al., 2000). It is known that a specific titin-to-myosin ratio exists in the A-disk of the sarcomere (6 titin molecules per half of a myosin filament in a sarcomere) (Liversage et al., 2001). This approach for titin content measurement is more accurate than the estimation based on the total protein content in the sample. The values are presented as M ± SD, where M is the mean value and SD is the standard deviation. The statistical analysis of the results obtained was carried out with SigmaPlot 11.0 software (Systat Software, Inc., 2008). Since the distribution of some data samples was not normal (Shapiro–Wilk test), we estimated the significance of differences using non-parametric single-factor dispersion analysis for repeated measurements (Kruskal–Wallis One Way Analysis of Variance on Ranks) with the following pairwise comparison by the Tukey test (see Supplementary Materials). The differences were considered statistically significant at p < 0.05.




RESULTS


Analysis of Atrophic Changes in Rat Soleus Muscle After Hindlimb Suspension

Decreased soleus muscle weight (by 40.5%, p < 0.05) and lower soleus weight:body weight ratio (by 31.8%, p < 0.05) was observed in the HS rats, compared to the C rats (Table 1). Compared to the C group, the HSL group showed both not significant decline in the soleus muscle weight (by 35.5%, p = 0.073), and tendency to reduction in the soleus muscle weight:body weight ratio (by 29.4%, p = 0.086) (Table 1).

TABLE 1. Animal weight, weight of m. soleus and soleus muscle weight to body weight ratio.
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Titin Content in Rat Soleus Muscle

Compared to the C group, the HS group showed a 22.4% decrease in T1 content (p < 0.05), and a 66.7% increase in T2 content (p < 0.05) in the soleus muscle (Figure 1). The difference in the T1 and T2 contents between the C and HSL groups was not statistically significant (Figure 1). Compared to the HS group rats, the HSL group rats showed a tendency to higher T1 content (by 23%, p = 0.086) in the soleus muscles.


[image: image]

FIGURE 1. Levels of intact titin-1 (T1) and proteolytic fragments (T2) in the soleus muscle of rats. (A) SDS-PAGE analysis of titin expression in the soleus muscle of rats. MyHC – myosin heavy chains. T2 (m.w. ∼2000–2100 kDa) are proteolytic fragments of titin. NT and N2A are isoforms of intact titin-1 (T1, m.w. ∼3400–3700 kDa in skeletal muscles). High molecular weight titin isoforms (denoted as NT-titin) were found in striated muscles of mammals (Vikhlyantsev and Podlubnaya, 2017). Plots of densitometric quantification of the T1 content (B) and T2 content (C) relative to MyHC content (n = 5). ∗P < 0.05 as compared to control group. Values are means ± SD.





Level of Titin Phosphorylation in Rat Soleus Muscle

Compared to the C group, the HS group showed a tendency to higher T2 phosphorylation levels (by 18.9%, p = 0.333) in the soleus muscles (Figure 2). The level of T2 phosphorylation in the soleus muscle in the HSL group was 14.4% (p = 0.234) and 28% (p < 0.05) lower than that in the C and HS groups, respectively, Figure 2. The levels of T1 phosphorylation in the soleus muscle in the C, HS, and HSL groups were not significantly different (Figure 2).


[image: image]

FIGURE 2. Plots of titin phosphorylation levels in the soleus muscle of rats. (A) T1. (B) T2. ∗P < 0.05 when the 7-day hindlimb suspension + L-arginine (HSL) and the 7-day hindlimb suspension (HS) groups were compared, (n = 5). Values are means ± SD.





Titin Gene Expression in Rat Soleus Muscle

The differences between the titin mRNA levels on the C and HS groups were not statistically significant (Figure 3), but gene expression analysis revealed a tendency to higher the titin mRNA level (by 53%, p = 0.073; Figure 3) in the soleus muscle of rats with L-arginine administration (HSL group), compared to that in rats from the C group. Compared to the HS group, L-arginine administration under 7-day gravitational unloading showed a 76% increase in the titin mRNA level (p < 0.05; Figure 3).
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FIGURE 3. Plots of titin mRNA levels in the soleus muscle of rats (n = 5). ∗P < 0.05 as compared to hindlimb suspension (HS) group. Values are means ± SD.






DISCUSSION


The Effect of L-Arginine Administration on the Degree of Atrophy Changes and Level of Titin in Rat Soleus Muscles After Hindlimb Unloading

It is well known that disuse of muscles under conditions of simulated or real microgravity causes muscle atrophy (Fitts et al., 2001; Baldwin et al., 2013; Hargens and Vico, 2016; Mirzoev and Shenkman, 2018). Our results show a decrease in the weight of soleus muscle relative to the body weight after rat HS, suggesting the development of muscle atrophy. We found that L-arginine decreased the degree of atrophy changes and also prevented the decrease in levels of T1 in rat soleus muscle after 7 days of hindlimb unloading.

Titin is known to be a substrate for calcium-dependent proteases (calpains) (Goll et al., 2003; Huang and Zhu, 2016), and calpain activity is reported to increase in skeletal muscles from the first day of gravitational unloading (Enns et al., 2007). Recent studies have reported that unloading causes rapid skeletal muscle atrophy not only because of increased protein degradation via calpain activation but also because of decreased protein synthesis (Shenkman et al., 2015a; Mirzoev and Shenkman, 2018). Furthermore, it was found that treatment with PD150606 calpain inhibitor prevented the hindlimb suspension-induced atrophy in rat soleus muscle by inhibiting protein degradation pathways and preserving anabolic signaling (Shenkman et al., 2015a). Therefore, it is obvious that calpains play an essential role in the enhanced proteolysis of different proteins, including titin, under gravitational unloading (Enns et al., 2007; Shenkman et al., 2015a). In fact, the development of unloading-induced skeletal muscle atrophy has been shown to be accompanied with a decrease in the content of titin and an increase in the content of its proteolytic fragments T2 (Shenkman et al., 2002, 2004; Toursel et al., 2002; Udaka et al., 2008; Ulanova et al., 2015). Our results are consistent with these reports; compared to the control rats, those subjected to HS showed decreased T1 content and increased T2 content. However, the soleus muscle T1 content remained unaltered after unloading with L-arginine administration, compared to that in the control rats, suggesting a protective effect of L-arginine administration on the protein during unloading. The role of NO as a signaling molecule involved in the regulation of protein metabolism during unloading has recently been discussed (Shenkman et al., 2015b). Moreover, L-arginine administration was shown to prevent the increased proteolysis of desmin and dystrophin in the rat soleus after 14-day gravitational unloading (Lomonosova et al., 2011). In our study the HSL group showed a tendency to decline in the content of T2 proteolytic fragments compared to the HS group. Collectively, our results indicated that NO production is essential for decreasing titin proteolysis under gravitational unloading. These results are consistent with the fact that NO increases calpain S-nitrosylation leading to a decrease in the activity of these proteases (Koh and Tidball, 2000; Samengo et al., 2012).



The Effect of L-Arginine Administration on the Gene Expression of Titin in Rat Soleus Muscles After Hindlimb Unloading

Changes in titin gene expression and their possible role in alterations of the content of this protein under unloading remains unclear. Titin gene expression was shown to be increased (by 70%) in the atrophied gastrocnemius muscle of mice after a 30-day-long space flight (Ulanova et al., 2015). However, it should be noted that the animals were sacrificed 12 h after they landed; therefore, it was difficult to conclude whether an increase in titin gene expression was a consequence of the effects of microgravity on mice or a result of adaptation to the Earth’s normal environment. We showed that there were no significant changes in titin gene expression in the rat soleus muscle after 7-day simulated gravitational unloading. Therefore, we concluded that alterations in titin gene expression do not play a significant role in unloading-induced changes in the content of this protein.

However, increased titin gene expression in the rat soleus muscle was observed after unloading with L-arginine administration in our work, suggesting the enhanced synthesis of this protein. This increase titin gene expression may be regulated via NO signaling. In 2008, it was shown that brain-derived neurotrophic factor triggers NO synthesis and S-nitrosylation of histone deacetylase 2, subsequently leading to gene activation in neurons (Nott et al., 2008). A later study concluded that cytoskeleton rearrangement and regulation of protein stability and turnover could potentially be modulated through NO-dependent changes in histone deacetylase activity (Watson and Riccio, 2009). NO-dependent machineries are known to be involved in the control of the key protein expression by means of inhibition of sumoylation of most SUMO targets (Qu et al., 2007) or GSK3β inhibition (Drenning et al., 2008; Sharlo et al., 2018). Our data show that NO is involved in the regulation of titin gene expression.



The Effect of L-Arginine Administration on the Changes in Titin Phosphorylation Levels in Rat Soleus Muscles After Hindlimb Unloading

In vivo titin phosphorylation is well known (Somerville and Wang, 1988) and the phosphorylation sites of this protein, located over the length of its molecule in the A-band (T2-titin part), I-band, and Z-disk in the sarcomere, have been determined (Linke and Hamdani, 2014). Many potential phosphorylation sites of titin molecule have also been discovered (Huttlin et al., 2010; Lundby et al., 2012)1, 2. Phosphorylation is known to modify the stiffness of titin molecules (Linke and Hamdani, 2014). In recent years, the role of titin phosphorylation in the development of unloading-induced changes in muscles has been discussed. In particular, it was shown that titin hypophosphorylation, reducing the stiffness of titin molecules, may be involved with the development of diaphragm weakness caused by mechanical unloading (Ottenheijm et al., 2011; van Hees et al., 2012; van der Pijl et al., 2019). The role of phosphorylation of titin in change of its susceptibility to proteolysis has also been discussed. Phosphorylation is known to modify the sensitivity of proteins to their degradation by calpain-1 (Di Lisa et al., 1995). For instance, protein kinase A (PKA)-mediated phosphorylation of troponin-I reduced its sensitivity to degradation by calpain-1, whereas phosphorylation of protein kinase C (PKC), contrariwise, increased the sensitivity of troponin-I to proteolysis (Di Lisa et al., 1995). We found no direct experimental evidence to confirm a change in the sensitivity of titin to proteolysis mediated by a change in its phosphorylation level. However, there are indirect data testifying that titin hyperphosphorylation is accompanied by an increase in its proteolytic degradation. Using a fluorescent dye for protein phosphate group staining Pro-Q Diamond, it has been shown that atrophic changes in the gastrocnemius muscle of mice under real microgravity conditions are attended not only by a decrease in the T1 content, but also by a 1.3- and 3.3-fold increase in the degree of phosphorylation of T1 and T2, respectively, Ulanova et al. (2015). Similar changes have been registered in the gastrocnemius and soleus muscles of rats upon the development of alcohol-induced muscle atrophy (Gritsyna et al., 2017). According to certain results, obtained using monoclonal antibodies to phosphoserine pS26, a three-fold increase in the degree of phosphorylation of the PEVK region (located in zone I of the molecule) of titin in the quadriceps muscle of patients with Ehlers-Danlos syndrome was accompanied by a decrease (by ∼20%) in the content of this protein (Ottenheijm et al., 2012). It has been suggested that titin hyperphosphorylation favors an increase in the sensitivity of this protein to proteolysis (Gritsyna et al., 2017).

In the present study, we showed a tendency to higher T2 phosphorylation level after HS. This tendency was accompanied by the enhanced proteolytic degradation of T1. These findings are in agreement with the assumption mentioned above. Administration of L-arginine during unloading caused hypophosphorylation of titin in the rat soleus muscle, that accompanied by a smaller decrease in the level of T1. Collectively, these results suggest that hypophosphorylation of titin, especially T2-part, decreases the susceptibility of this protein to proteolysis. This may be indirectly supported by finding that GSK3β inhibition in mice prevented the phosphorylation and depolymerization of desmin and blocked atrophy upon fasting or denervation. Mass spectrometry analysis identified GSK3-β and calpain-1 bound to desmin and catalyzing its disassembly (Aweida et al., 2018). This study proved that phosphorylation of desmin filaments by GSK3β is a key molecular event required for calpain-1–mediated depolymerization, and the subsequent myofibril destruction.




CONCLUSION

In conclusion, we showed that administration of L-arginine, the NO precursor, under gravitational unloading decreased the degree of atrophy changes, increased gene expression of titin and prevented the decrease in levels of T1 in rat soleus muscle. The results can be used to search for approaches to reduce the development of negative changes caused by gravitational unloading in the muscle. Because of limited n-number and high data variability, further research is required to provide evidence of changes in the phosphorylation level of titin and gain insight into how the post-translational modification affect the susceptibility of titin to proteolysis. To find answers to these research questions is the aim of our future studies.



ETHICS STATEMENT

This study was carried out in accordance with the recommendations of Grundy (2015) and the European Convention for the protection of Vertebrate Animals used for Experimental and Scientific purposes (Council of Europe number 123, Strasbourg, 1986). The protocol was approved by the Biomedicine Ethics Committee of the Institute of Biomedical Problems of the Russian Academy of Sciences/Physiology Section of the Russian Bioethics Committee (protocol no. 421 of April 14, 2016). All efforts were made to minimize the animal pain and suffering.



DATA AVALIABILITY STATEMENT

All datasets generated/analyzed for this study are included in the manuscript/Supplementary Files.



AUTHOR CONTRIBUTIONS

TN, BS, and IV conceived and designed the work. AU, YG, NS, YL, and SB performed the experiments. AU, BS, and IV analyzed the data and wrote the manuscript. AU and YG prepared the figures. AU, BS, and IV reviewed the manuscript.



FUNDING

This work was supported by the Russian Foundation for Basic Research (Grant Nos. 16-04-00529 and 17-04-01838) using the equipment of the Center for Collective Employment of ITEB (RAS) and Institute of Biomedical Problems (RAS).



ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English language editing. We are grateful to Dr. A. V. Tankanag for help in statistical processing.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2019.01221/full#supplementary-material



ABBREVIATIONS

C, cage control; HS, 7-day hindlimb suspension; HSL, 7-day hindlimb suspension + L-arginine; NO, nitric oxide; T1, Intact titin 1; T2, proteolytic fragments of T1.
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Parameter Cosmonauts Controls Difference
Mean SD Mean SD p-value

Age at the first scan (years) 45 5 44 6 0.680

Days to launch at the first scan 94 36

Days after landing at the first scan 9.4 2.4

Scan-to-scan interval (days) 282 63 249 57 0.212

Prior spaceflight experience (missions) 1.1 1.2

Mission duration 183 85

Space motion sickness score (‘ANKETA') 0.72 0.64 0 0
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ROI System Source/reference Shape Center of mass MNI coordinates

X y z
SensoriMotor. Sensorimotor Conn Networks Cluster —55 —12 22
Lateral (L)
SensoriMotor. Sensorimotor Conn Networks Cluster 56 —10 29
Lateral (R)
SensoriMotor. Sensorimotor Conn Networks Cluster 0 =31 67
Superior
Cerebellar.Anterior ~ Cerebellar Conn Networks Cluster 0 —63 —-30
(Lobules VI-IX)
Cerebellar.Posterior  Cerebellar Conn Networks Cluster 0 —-79 —-32
(Crus)
Visual.Primary Visual Conn Networks Cluster 2 —-79 12
Visual.Ventral Visual Conn Networks Cluster 0 —93 —4
Visual. Visual Conn Networks Cluster —-37 —-79 10
Dorsal (L)
Visual. Visual Conn Networks Cluster 38 —-72 13
Dorsal (R)
Anterior Proprioception, vestibular Kelly et al., 2012 Cluster —-35 12 -5
Insula (L)
Posterior Proprioception, vestibular Kelly et al., 2012 Cluster —38 -9 2
Insula (L)
Anterior Proprioception, vestibular Kelly et al., 2012 Cluster 38 8 -5
Insula (R)
Posterior Proprioception, vestibular Kelly et al., 2012 Cluster 39 —-12 6
Insula (R)
Putamen (LR) Proprioception Harvard-Oxford atlas, Cluster —25/26 0/2 0/0

subcortical; Goble et al., 2012
Thalamus (LR) Vestibular Harvard-Oxford atlas, Cluster —10/11 —19/-18 6/7
subcortical
IFG (L) Proprioception Goble et al., 2012 10-mm sphere —49 13 5
IFG (R) Proprioception Goble et al., 2012 10-mm sphere 53 16 7
IPC.BA40 (L) Proprioception, vestibular Goble et al., 2012 10-mm sphere —62 —48 40
IPC.BA40 (R) Proprioception, vestibular Goble et al., 2012 10-mm sphere 60 —44 48
Vestibular Vestibular Kirschetal., 2016 Two 5-mm spheres (L —16/16 —36/36 —32/-32
nuclei (LR) and R)
Precuneus Vestibular Zu Eulenburg et al., 2012 10-mm sphere 0 —-52 27
Operculum (L) Sensorimotor, Task-based activation Cluster —52 —31 22
proprioception
Operculum (R) Sensorimotor, Task-based activation Cluster 53 —28 22
proprioception, vestibular

Parahippocampal Visual Task-based activation Cluster 17 —24 —-15
Gyrus
Cerebellum-01 Cerebellar Task-based activation Cluster 2 —42 -8
Cerebellum-02 Cerebellar Task-based activation Cluster —15 -37 —24
Cerebellum-03 Cerebellar Task-based activation Cluster 17 -37 —26
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Cluster Volume, voxels (mm?3) T-statistics MNI coordinates Region labels™
(center of mass/peak)
X y z
(1) SMC/SMA bilateral FDR¢-corr. 181 (4887) —1 —36 67 Precentral gyrus, post-central gyrus
p < 0.05 uncorr. 430 (11610) -1 —-35 66 Post-central gyrus, precentral gyrus,
precuneous cortex, superior parietal
lobule
Peaks 8.91* 0 —34 65 Post-central gyrus
4.67* -3 —-19 68 Precentral gyrus
4.23* 18 —40 71 Post-central gyrus
3.31 6 —13 68 Juxtapositional lobule cortex (formerly
supplementary motor cortex)
(2) Right operculum FDRg-corr. 93 (2511) 5l —-29 22 Parietal operculum cortex, planum
temporale
p < 0.05 uncorr. 308 (8316) 53 —28 22 Parietal operculum cortex, planum
temporale, supramarginal gyrus
(anterior division)
Peaks 5.569* 45 -33 22 Parietal operculum cortex
5.09¢ 66 31 17 Superior temporal gyrus, posterior
division
4.92* 48 —-22 20 Parietal operculum cortex
3.31 32 —24 16 Insular cortex
2.60 66 —-19 17 Post-central gyrus
(3) Left operculum FDRg-corr. 68 (1836) —49 -30 21 Parietal operculum cortex, central
opercular cortex
p < 0.05 uncorr. 294 (7938) —52 —31 22 Parietal operculum cortex, planum
temporale, supramarginal gyrus
(anterior division)
Peaks 6.26* —48 —31 23 Parietal operculum cortex
3.83* —54 —22 17 Central opercular cortex
2.23 —-33 —28 20 Central opercular cortex
(4) Cerebellum-01 p < 0.05 uncorr. 55 (1485) 2 —42 -8 Vermis IV, brain stem
Peaks 3.68 0 —46 -10 Vermis V-V
3.11 0 —31 —4 Brain stem
(5) Right temporal pole/insula p < 0.05 uncorr. 41 (1107) 42 6 —-15 Temporal pole, planum polare, insular
cortex
Peaks 2.44 45 —4 —7 Planum polare
221 39 11 —-25 Temporal pole
210 44 13 —-12 Temporal pole
(6) Cerebellum-02 p < 0.05 uncorr. 36 (972) -15 -37 —24 Left cerebellum Ill, IV-V lobules
Peaks 2.83 -9 —40 —-25 Left cerebellum IlI
3.33 —18 —34 —-25 Left cerebellum V-V
(7) Parahippocampal gyrus p < 0.05 uncorr. 11 (297) 17 —24 —-15 Parahippocampal gyrus, posterior
Peaks 255 15 —-25 —16 Parahippocampal gyrus, posterior
(8) Cerebellum-03 p < 0.05 uncorr. 10 (270) 17 -37 —26 Right cerebellum IV-V lobules
Peaks 2.50 21 -37 —28 Right cerebellum V-V

*+Only labels covering at least 5% of the cluster volume are listed. *Peaks within the clusters that survived FDR¢ correction.
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Analysis unit Intensity
Network_1/1 (Size = 71) 204.24
Seed Vestibular Nuclei (VNLR) 22.88

VNLR —Visual.Primary
VNLR— Operculum (R)
VNLR—SensoriMotor.Lateral (L)
VNLR—Operculum (L)
VNLR —SensoriMotor.Lateral (R)
VNLR —Cerebellum-02
VNLR—Visual.Ventral
VNLR—Precuneus
Seed Proprio.IPC.BA40 (R) 20.24
IPC.BA40 (R)—Cerebellum-03
IPC.BA40 (R)—SensoriMotor.Lateral (R)
IPC.BA40 (R)—Anterior Insula (L)
IPC.BA40 (R)—
IPC.BA40 (R)—Anterior Insula (R)
IPC.BA40 (R)—Posterior Insula (L)
Seed Cerebellar.Anterior 17.47
Cerebellar. Anterior—Anterior Insula (R)

SensoriMotor.Lateral (L)

Cerebellar.Anterior—Posterior Insula (R)
Cerebellar. Anterior—SensoriMotor.Lateral (L)
Cerebellar. Anterior—Operculum (L)
Cerebellar.Anterior—SensoriMotor.Lateral (R)
Cerebellar.Anterior—Anterior Insula (L)
Cerebellar.Anterior—Posterior Insula (L)
Seed Posterior Insula (R) 16.87
Posterior Insula (R)—Posterior Insula (L)
Posterior Insula (R)—Cerebellar.Anterior
Posterior Insula (R)—IFG (L)
Posterior Insula (R)—IFG (R)
Posterior Insula (R)—Cerebellum-02
Seed Anterior Insula (L) 16.47
Anterior Insula (L) —Cerebellar.Posterior
Anterior Insula (L)—Posterior Insula (R)
IPC.BA40 (R)

(

Anterior Insula (L)

Anterior Insula (L) —Cerebellar.Anterior
(
(

Anterior Insula (L)—IFG (R)
Anterior Insula (L)—Posterior Insula (L)

t(19)

—3.60
—3.58
—3.04
—-2.72
2.7
—2.63
—-2.37
—2.22

-5.156
—4.06
—3.49
—2.84
—2.45
—2.26

—2.94
—2.90
—2.52
—2.40
—2.38
—-2.19
—2.14

6.54
—2.77
2.76
2.62
=217

—3.67
2.94
—2.78
—2.49
2.40
219

p-unc.

0.0084
0.0015
0.0019
0.002

0.0067
0.0137
0.0138
0.0166
0.0284
0.0384
0.0031
0.0001
0.0007
0.0025
0.0105
0.024

0.0355
0.0065
0.0084
0.0091
0.021

0.0269
0.028

0.041

0.0453
0.0076
0.000

0.0123
0.0123
0.0167
0.0426
0.0085
0.0016
0.0084
0.0119
0.0222
0.0269
0.0409

p-FDR

0.0397
0.0261
0.0261
0.0578
0.0715
0.0715
0.072
0.1054
0.1249
0.042
0.0015
0.0087
0.0214
0.0686
0.1246
0.1536
0.0457
0.1186
0.1186
0.1456
0.1456
0.1456
0.1682
0.1682
0.0457
0.0001
0.107
0.107
0.1086
0.1713
0.0457
0.0422
0.103
0.103
0.14
0.14
01772

p-FWE

0.0086
0.0332

0.0637

0.124

0.1417

0.1554

The entire network revealed in the NBS analysis at the network level is comprised of 71 connections. The table is limited to connections of the seeds that demonstrated

ROl-level effects significant at the p < 0.05 (FDR-corrected) level, NBS by intensity.
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97.15° (5.3)
102.8° (5.2)
102,75 (5.2)
96.2(4.0)
91.0%9 (4.5)
9889 (6.0)
1105%° (5.5)
114,820 (5.0)
101.0 (3.4)
98.20:0:9 (4.1)
107.912cd (4.1)
1155120 (5.1)
1203120 (5.9)

CO (L/min)

5.9(0.3)
6.1°09(0.3)
9.45209 (0.4)
11.3%2b.d (0,5)
14.3%a.b.c 0.5)
6.1(0.3)
5.8%009 (0.4)
954399 (0.6)
12,1204 (0.7)
15.8%0:¢ (0.8)
65(0.3)
6.740:24 (0.4)
10.9T+acd (0.4)
13.2103 (0.6)
16.7180: (0.7)

PP (mmHg)

42.7 (2.1)
44.3%9 2.1)
49.0%9 (1.9)
55.430:9 (2.6)
62.0%0 (1.9)

43.4(2.0)
42.4°9 (2.6)
48.2°9 (3.1)
57.4309 (2.8)
65.040° (2.9)

47.6(1.7)
47.2009 2.2)
54.9%%9 (1.8)
66.3° (3.2)
71.5%0 (3.0)

SBP (mmHg)

1180(3.2)
119.6°%4 (3.1)
1343209 (3.8)
1432909 (4.6)
169.040:¢ (3.9)

1166 (1.9)
116,554 (3.4)
128,129 (3.9)
138.1809 (4.1)
151.0%0¢ (6.0)

123.4(2.8)
121.7009 (3.4)
136.6%%4 (3.3

151,080 (4.8)
168.72° (5.7)

DBP (mmHg)

763(1.8)
75.3%¢9 (1.7)
85.3%9 (3.4)
87.9%9(3.2)
97048352 (3.4)
732(1.2)
74.2004 (2,0)
80.0% (2.5)
80.7%9 (2.1)
86.012° (2.8)
758(1.9)
74,5269 (2.5)
81.722.7)
84.72(2.2)
87.212 (3.2

MAP (mmHg)

927 (2.1)
931504 (2.2)
103.6%%9 (3.4)
108.3%09 (3.4)

121.1%abe (3.6)

90.4 (1.4)

90550 (2.4)
98.6%¢ (3.0)
101.8%9 (3.1)
110.71a0c (3.7)
94.4(2.1)
92,8509 (2.8)

103.2% (3.2)

108.12 (3.0)

113.8% (4.2)

TPR (PRU)

0.98 (0.06)
0.96%¢9 (0.06)
0.68%%4 (0.04)
0.59%29 (0.04)
0,524 (0.03)

0.93(0.07)
0.98%°9 (0.07)
0.66% (0.05)
0.53%29 (0.04)
0.44% (0.03)

0.90 (0.05)
0.86°°9 (0.08)
0.59*¢ (0.04)
0.52229 (0,03)
0.4432:¢ (0,04)

Cardiovascular variables: HR, heart rate (beats per minute); SV, stroke volume (mL); CO, cardiac output (L/min); PR, pulse pressure (mmHg); SBR. systolic blood pressure
(mmHg); DBR. diastolic blood pressure (mmHg); MAR mean arterial pressure (mmHg); TPR, total peripheral resistance (Peripheral Resistance Units, PRU = mmHg/mLJs).
Protocol phases: BL, baseline (no exercise or AG); 0 W, centrifugation alone; 25 W, exercise at 25 W and AG; 50 W, exercise at 50 W and AG; 100 W, exercise at 100 W

and AG.

Values are means (SE).
*Different from baseline (paired sample t-test with Bonferroni correction alpha = 0.05/3 = 0.017).
1 Different from 0 G; *Different from 1 G, $ Different from 1.4 G, all within the same workload levels. (Simple main effects from two-way repeated measures ANOVA with
Bonferroni correction).
aDifferent from O W  Different from 25 W, Different from 50 W, YDifferent from 100 W, all within the same AG level. (Simple main effects from two-way repeated measures
ANOVA with Bonferroni correction).
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sv 893
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co 60
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PP 41.4
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SBP 120.1
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DBP 76.3
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MAP 96.9
(mmHg) (mmHg)
TPR 0.97
(PRU) (PRU)

AG, artificial gravity level; WR, work rate. Only the significant parameters (p < 0.05) were included in the regression. A graphical representation of these results is shown

in Figure 5. NS, non-significant.
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Groups Animal body Weight of m. m. soleus weight/
weight, g soleus, g animal weight, mg/g

“Control”, n=5  248.1 £ 14.3 0.121 £ 0.007 0.487 + 0.006
"HS", n=5 216.7 + 5.8* 0.072 £ 0.007*  0.332 & 0.025*
“HSL”, n =5 225.8 + 131 0.078 + 0.007 0.344 £ 0.010

*P < 0.05 as compared to control group.
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Gender Baseline Gender effect at 0G 1G 14G Gender effect during

baseline centrifugation
R (opm) Females 65.6 (2.5) p=0274 1085 (13.6) 107.0 (13.2) 111.0 (18.1) p=0.179
Males 62.1 (1.9) 98,6 (11.3) 98.0 (10.7) 101.7 (10.6)
SV (mL) Females 88027 p <0.0005 87.4 (4.2) 90.7 (7.4) 986 (6.1) p <0.0005
Males 106.6 (1.9) 112.2 (6.3) 116.8 (4.9) 122.3 (6.3)
©O (Umin) Females 57 (0.3) p=0018 95(1.3) 10.0 (1.8) 11.1.(1.6) p=0.067
Males 66(0.2) 1.1 (1.4) 1.7 (1.6) 12.7 (1.7)
PP (mmHg) Females 421 (1.6) p=0025 48.4 (4.2) 49.2 (5.9) 58.7 (6.0) p=0.006
Males 471 (1.4) 56.9 (3.0) 57.3 (4.1) 61.2 (4.5)
SBP (mmHg)  Females  115.8(1.9) p=0.022 132.5 (7.5) 129.4(7.9) 141.7 8.7) p=0.078
Males 122.9 (2.3) 145.6 (7.6) 137.4 (7.3) 142.3 (8.3)
DBP (nmHg)  Females 73.7 (08) p=0.280 84.1 (39 80.3 2.7) 83.0(3.2) p=0810
Males 75.8 (1.8) 88.7 (6.2) 80.1 (4.5) 81.1 (5.0)
MAP (mmHg)  Females 916 (1.1) p=0.448 104.0 (5.2) 1005 (4.7) 106.4 (4.9) p=0932
Males 933(1.9) 109.0 (6.7) 100.3 (5.7) 1026 (6.2)
TPR (PRU) Females 1.0 (0.05) p=0061 0.73 (0.09) 0.72 (0.12) 0.66 (0.09) p=0.116
Males 09 (0.04) 0.65 (0.09) 059 (0.09) 055 (0.08)
Female and male data were compared at baseline (two-tailed, two sample t-test) and during centrit (et bjects effects from repeated- ANOVA).

Results show significant differences in SV, CO, PR, and SBP at baseline and in SV and PP during centrifugation.
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Seed Resulting cluster center of Cluster size, vx (mm3) Cluster p uncorr. Cluster p FDR-corr. FDR p-thresh* Region labels™

mass, MNI
X y z
rpSMG —34 20 -9 165 (4455) 0.000 0.000 0.004 Frontal orbital cortex L

Insular cortex L
Frontal operculum
cortex L

+Only labels covering at least 5% of the cluster volume are listed. *Threshold, corrected for the total number of the seed-to-voxel follow-up analyses.
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Seed Resulting cluster Cluster size, Cluster p Cluster p FDR p-thresh* PPI value Region labels
center of mass, MNI vx (mm?) uncorr. FDR-corr. differential
effect™
X y Z
Paracentral 24 40 -19 75 (2025) 0.0005 0.006 0.025 —-0.13 Frontal pole R
lobule, L Frontal orbital cortex R
Paracentral 52 —-18 22 58 (1566) 0.0016 0.011 0.025 —-0.12 Inferior temporal gyrus,
lobule, L posterior division R

Middle temporal gyrus,
posterior division R

7o aid interpretation, the PPl values (connectivity between the seed and the target region for the task blocks differential from the implicit baseline) were averaged within
each cluster. The cosmonaut vs. control, post-flight vs. pre-flight effect on PPl values is presented for illustrative purposes. * Threshold, corrected for the number of seeds.
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fo B1 B2 Bs Ba Bs

HR (opm) 7029 15.46 NS -0.003 1.025 -0.185
VO (ml/min) 356.59 NS NS -0.109 2693 —1.74
VGO, (ml/min) 370.78 347.71 -380.93 —0.099 25.07 -1.10
0 0.702 0.165 NS -8.42 x 1078 0.018 NS
Ve (Vmin) 18.72 15.63 —16.27 —0.002 0.680 —0.059
Ry (min~") 1917 7.74 —18.07 —0.001 0.282 NS

Only significant coefficients were included in the regression (p < 0.05). Figure 6 shows the regression models fitted to the experimental data. Abbreviations: NS, non-
significant; AG, artificial gravity (g); WR, work rate (W); HR, heart rate (beats per minute); VO, volume of oxygen uptake (mL/min); VCOz, volume of carbon dioxide output
(mLmin); Ve, pulmonary ventilation (L/min); V, tidal volume (mL); R, respiratory rate (breaths/min).
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Microgravity —6° HDT 4.4 (2.0) 6.1 (2.1)
Moon +9.5° HUT 5.9(1.5) 4.9 (2.0)
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Data was collected using a 10-point Likert scale (Comfort: 1 - very

uncomfortable/unnatural, 10 — very comfortable/natural. Strenuousness: 1 — easy,
10 — very strenuous).
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EMG amplitudes of all subjects (mean  SD, n = 6 subjects) for the five recorded muscles of the left leg and three recorded muscles of the right leg during four phases
(PRE 100 ms before treadmill perturbation until perturbation onset, SLR 30-60 ms, MLR 60-85 ms, LLR 85-120 ms after perturbation). Values are normalized to the
[EMG during MVC. The values for hypo- and hyper-gravity are expressed in percent of the 1 g condition. For every leg, muscle and phase the Friedman test was applied
to test the effect of the g-level on the EMG amplitude. The p-value refers to the Friedman Test (significant g-effects were labeled with bold letters) and 13 to the effect
sizes. Standard errors (SEs) over all seven gravily levels are ilustrated.
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EMG amplitudes of all subjects (mean  SD, n = 6 subjects) for the five recorded muscles of the left leg and three recorded muscles of the right leg during four phases
(PRE 100 ms before treadmill perturbation until perturbation onset, SLR 30-60 ms, MLR 60-85 ms, LLR 85-120 ms after perturbation). Values are normalized to the
[EMG during MVC. The values for hypo- and hyper-gravity are expressed in percent of the 1 g condition. For every leg, muscle and phase the Friedman test was applied
to test the effect of the g-level on the EMG amplitude. The p-value refers to the Friedman Test (significant g-effects were labeled with bold letters) and 17 to the effect
sizes. Standard errors (SEs) over all seven gravily levels are ilustrated.
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Mean ankle and knee joint angles at perturbation onset and maximal ankle and knee anguiar excursions of the left () and right (1) leg after perturbation. Postural set was
manipulated by either bilateral posterior (top), unilateral left posterior (midde) and spitt perturbation (bottom), each mean value comprises n = 6 participants. For every
Joint angle of each leg the Friedman test was applied to test the effect of the g-level on the kinematic parameters. The p-value refers to the Friedman Test and 1 to the
effect sizes. Standard errors (SEs) over all seven gravity levels are ilustrated.
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EMG amplitudes of all subjects (mean  SD, n = 6 subjects) for the five recorded muscles of the left leg and three recorded muscles of the right leg during four phases
(PRE 100 ms before treadmill perturbation until perturbation onset, SLR 30-60 ms, MLR 60-85 ms, LLR 85-120 ms after perturbation). Values are normalized to the
[EMG during MVC. The values for hypo- and hyper-gravity are expressed in percent of the 1 g condition. For every leg, muscle and phase the Friedman test was applied
to test the effect of the g-level on the EMG amplitude. The p-value refers to the Friedman Test (significant g-effects are labeled with bold letters) and 7 to the effect sizes.
Standard errors (SEs) over all seven gravity levels are ilustrated.





OPS/images/fphys-10-00576/fphys-10-00576-g006.jpg
Co-activation VM_BF Co-activation GM_TA Co-activation SOL _TA

Bilateral posterior
perturbation

500 -
400 -
300 -

200 -

100 H

500 -
400 {
300 -
200 -
100 {
500 -
400 -
300 -

200 1

100 -

perturbation

anterior anterior
s A 0,
posterior posterior
p<0.05 p<0.05 T
772p=o.42 T 772p=o.26
p<0.05 T p<0.05 T
772p=o.27 772p=0.19
p<0.05 1 p<0.05 T
772p=0.29
D e A o A S o A D AD
NSNSV OV 0P oV A AR

Gravity [m/s2]

Gravity [m/s2]

Uniteral left posterior

Split perturbation

anterior

posterior

pP<0.05
772 ~0.33
p

p<0.05

p<0.05
772 ~0.19
p

5 e AD D AD
oY o7 SN N \f’\;\
Gravity [m/s2]





OPS/images/fphys-10-00576/fphys-10-00576-g007.jpg
Ankle joint

Ankle Joint
velocity [°/s]

excursion [°]

Bilateral posterior

perturbation perturbation
anterior anterior
. & A e
posterior posterior
left leg left leg
p=0.15 p=0.79
772p=0.08 772p=o.02
p<0.01 p<0.01
772p=0.48 772p=o.54
D e AD o e AD D o AD B O
0¥ o2 o A A2 oV o2 o A TR

Gravity [m/s2] Gravity [m/s2]

Uniteral left posterior Split perturbation

anterior

posterior
right leg

P=0.19
772 =0.04
P

p=0.02
772 ~=0.19
p

S AD D AD
Q¥ 0 oV A AR
Gravity [m/s2]





OPS/images/fphys-10-00576/fphys-10-00576-g008.jpg
nEMG [% MVC]

MLR

LLR

1.00
0.90

0.80

0.70
0.60

0.50

0.40
0.30
0.20
0.10

1.00 7

0.90

0.80 -
0.70 -
0.60
0.50 -

0.40

0.30

0.20

0.10

M. soleus

40 45 50
ankle joint velocity [°/s]

. gastrocnemius medialis

R=0.85"

35

40 45 50
ankle joint velocity [°/s]

55

O 0.25¢g
O 05¢g
A 0.75¢
X 19
® 1.25¢
¢ 15¢g
A 175¢





OPS/images/fphys-10-00476/fphys-10-00476-g001.jpg
Stim

5 mA 5 mA

Ankle torque

10 Nm ’ 10 Nm
Body sway
0.5° | 0.5° ‘
M\/«\’M Springs MM
Force plate
0.4 mV EME 0.4 mV
1F condition 2F condition






OPS/images/fphys-10-00476/fphys-10-00476-g002.jpg
Tg

-I.
e AN S //‘
|

y l—

1G-1F

1G-2F

RS —— 1
"‘l

20-25 seconds |

20-25 seconds |

20-25 seconds |





OPS/images/fphys-10-00397/fphys-10-00397-t003.jpg
0° —12° HDT

Mean SpO> (%) 94.50 + 2.90 94.50 + 2.80

Minimal SpO. (%) 85.90 + 6.80 83.60 + 11.00

SpOs < 90% (%) [(min)] 10.70 + 22.00 11.80 + 21.90
(31.29 + 83.49) (40.71 + 89.81)

Mean SpOs, minimal SpO» and the amount of time with an SpO, < 90% were
assessed. Subject R was excluded during the —12° HDT night because of artifacts.
None of those parameters was significantly different between both conditions.
The values are given in means + standard deviation. HDT, head down tilt; SpOo,
Peripheral oxygen saturation at finger level.
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Subjective sleep parameters were assessed in the moming. Sleep quality and
refreshment were assessed by scales from 1 to 9. 9 represented the highest
possible sleep quality and refreshment possible. Subjective amount of sleeping
hours were given by the subjects. The values are given in means + standard
deviation. *P = 0.047. HDT, head down tilf.





OPS/images/fphys-10-00397/fphys-10-00397-t005.jpg
Internal Jugular Vein
Minimum cross-sectional area (cm?)
Maximum cross-sectional area (crm?)
Variation (cm?)

External Jugular Vein

Minimum cross-sectional area (cm?)
Maximum cross-sectional area (crrf)
Variation (cm?)

Frontal skin thickness (mm)

Baseline data

0° visit

0.57 £ 0.42
0.84 +£0.49
0.27 £0.26

0.15 +£0.07
0.17 £0.08
0.019 + 0.027
411 £0.95

block 2

—12° visit

0.65 + 0.52
0.87 +£0.54
021 +021

0.15 £ 0.07
0.17 £0.09
0.025 + 0.022
4.04 +0.88

0° visit

0.70 + 0.49
0.86 + 0.60
016 £ 0.17

0.15+0.08
0.16 +0.09
0012 + 0.019
412 +1.01

—12° visit

131 4 064"
1.46 + 0661t
0.15+0.10

0.20 +0.151F
022 +0.16
0,015 4 0,022
426 +1.11

Measurement block 3
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B-mode ultrasound was used to assess the minimum and maximum diameters of extemal and intemal jugular veins on both sides. Frontal tissue thickness was measured
on both sides of the front. Baseline data collection in both groups was performed in horizontal posture. The values are given in means = standard deviation. 7P < 0.01,
111P < 0.001 for interaction between measurement block and visit.
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Tab@ giving an overview of the objective sieep parameters at —12° HDT and horizontal position. The values are given in means + standard deviation. *P = 0.002,
= 0.085 in comparison to (% of TST) in 0° position. HDT, Head down tilt; TST, Total sleep time.
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Normalized cumlant density ~ Non-normalized cumulant density Short latency [msec] Medium latency [msec]
peak-to-peak [-] peak-to-peak [uV mA]

Gas Sol Gas Sol mGAS soL mGAS soL

‘median / IQR median / IQR median / IQR median / IQR median / IQR median / IQR median / IQR median / IQR

Exp1 1F 0.19/0.10 0.11/0.05 11.41/10.12 6.62/5.92 61.3/2.8 62.3/3.8 103.3/3.8 101.8/5.0
1.6F 0.14/0.10 0.07/0.05 16.81/21.70 6.97/7.59 59.5/4.5 59.8/4.4 98.5/5.0 99.3/4.9
2F 0.15/0.10 0.07/0.05 19.87/24.99 9.54/9.48 59.8/3.0 58.8/3.5 97.8/4.5 100.0/3.9

Exp2A 1F 0.16/0.08 0.10/0.09 8.65/18.48 5.64/9.18 61.9/7.9 62.8/6.9 107.3/18.5 114.8/19.5
&F 0.13/0.09 0.06/0.08 13.98/17.72 717/14.43 60.8/8.6 63.0/5.6 98.3/14.8 103.3/15.4

Exp2B 0G-1F 0.12/0.05 0.09/0.06 6.94/5.25 7.85/5.37 62.5/7.8 66.5/5.5 108.5/12.0 113.5/11.5
1G-1F 0.17/0.12 0.12/0.10 15.68/11.66 10.97/9.22 60.8/2.1 62.5/5.0 107.8/6.4 109.5/7.5
1.8G-1.8F 0.12/0.07 0.11/0.05 23.21/13.41 15.65/12.09 57.3/53 61.03.5 99.3/7.5 102.0/9.5
1G-2F 0.16/0.06 0.09/0.04 21.20/14.29 12.40/6.46 60.3/7.4 61.5/4.0 97.8/13.4 104.5/7.1

mMGAS, medial gastrocnemius muscle; SOL, sofeus muscle.
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