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Abstract

Abstract

English version

Introduction: Future long-duration exploratory missions to the Moon and Mars will expose
several stressors to the human body that are likely to result in adverse cognitive and behavioral
conditions. To assure mission success, it is critically to ascertain the neurobehavioral risks as-
sociated with such endeavors. Head-down tilt bed rest provides a unique analog to study some

of the effects of spaceflight on Earth.

Methods: As part of a randomized controlled study conducted by the French Institute for Space
Medicine and Physiology in Toulouse, France in 2017, twenty young healthy men underwent
60 days of bed rest. Participants were randomly assigned to either a treatment group (n = 10)
receiving a daily antioxidant supplement or a control group (n = 10) not receiving any treatment.
To assess brain changes in response to prolonged immobilization, electroencephalography was
employed both at rest, and while performing two standardized cognitive tasks measuring selec-
tive attention and emotion processing at different time points before, during, and after the bed

rest phase.

Results: Irrespective of the assigned groups, distinct decreases in resting state spectral power
were observed within the delta, theta, alpha, and beta frequency bands across all electrode sites
with the onset of bed rest. An extended duration of the bed rest exposure did not further change
this response. Spectral power returned to baseline level eight days after the cessation of bed
rest. Additionally, data revealed a significant decrease of efficiency in the selective attention
task after 60 days of bed rest that was corroborated by changes in event-related potential (ERP)
amplitudes across several brain regions regardless of the assigned groups that did not recover
eight days after bed rest. In addition, significantly lowered ERP amplitudes at frontal and pari-
etal regions in response to positive and negative pictures of the emotion task were found in
participants tested after one month of bed rest compared to a control group tested before bed
rest. Source localization confirmed a bilateral lower activity in the posterior cingulate gyrus,

insula and precuneus in the bed rest group for emotional, but not neutral stimuli.

Conclusion: The present work provides evidence for the adverse effects of long-duration bed
rest on neurophysiology and behavior that could not be mitigated by the antioxidant supple-
ment. Future research is needed to elucidate the mechanisms underlying these effects to pro-
mote the development of efficient target-specific countermeasures to assure human survival in

space.
v
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Deutsche Version

Einleitung: Zukiinftige Langzeit-Weltraummissionen zum Mond und Mars werden den
menschlichen Korper verschiedenen Stressoren aussetzen, die hochstwahrscheinlich negative
kognitive und verhaltensspezifische Auswirkungen haben konnen. Um den Erfolg dieser Mis-
sionen zu gewdihrleisten, ist es von entscheidender Bedeutung, die neurophysiologischen und
verhaltensbezogenen Risiken, die mit solchen Unternehmungen einhergehen, zu ermitteln.
Bettruhe in Kopftieflage bietet ein einzigartiges Analogmodell, um auch auf der Erde einige

der Auswirkungen der Raumfahrt auf den Menschen zu untersuchen.

Methodik: Im Rahmen eciner randomisiert-kontrollierten Studie, die 2017 vom franzosischen
Institut fiir Weltraummedizin und Physiologie in Toulouse, Frankreich, durchgefiihrt wurde,
unterzogen sich zwanzig junge, gesunde Ménner 60-tégiger Bettruhe. Die Teilnehmer wurden
nach dem Zufallsprinzip entweder einer Behandlungsgruppe (n = 10), die téglich ein antioxi-
datives Nahrungsergénzungsmittel einnahm, oder einer Kontrollgruppe (n = 10), die keine Be-
handlung erhielt, zugewiesen. Um die Verdnderungen des Gehirns als Reaktion auf die andau-
ernde Inaktivitdt zu beurteilen, wurde ein Elektroenzephalogramm in Ruhe und wihrend der
Durchfiihrung zweier standardisierter kognitiver Aufgaben zur Messung der selektiven Auf-
merksamkeit und der Emotionsverarbeitung zu verschiedenen Zeitpunkten vor, wihrend und

nach der Bettruhephase aufgezeichnet.

Ergebnisse: Unabhéngig von der Gruppenzuordnung konnten deutliche Abnahmen der spekt-
ralen Leistungsdichte im Ruhezustand in den Delta-, Theta-, Alpha- und Beta-Frequenzbindern
iiber alle Elektroden mit dem Beginn der Bettruhe beobachtet werden. Eine langere Dauer der
Bettruhe dnderte diese Reaktion nicht weiter. Die spektrale Leistungsdichte kehrte acht Tage
nach Beendigung der Bettruhephase auf das Ausgangsniveau zuriick. Zusitzlich wurde eine
signifikant verringerte Effizienz wihrend der Bearbeitung der selektiven Aufmerksamkeitsauf-
gabe nach 60 Tagen Bettruhe festgestellt, die mit verdnderten Amplituden der ereigniskorre-
lierten Potenziale (EKP) in zahlreichen Hirnregionen einherging. Dieses Verhalten war unab-
héngig von den Gruppen und erholte sich auch acht Tage nach Bettruhe noch nicht. Dariiber
hinaus zeigten die Daten signifikant verringerte EKP-Amplituden in frontalen und parietalen
Hirnregionen als Reaktion auf die positiven und negativen Bilder der Emotionsaufgabe bei
Teilnehmern, die nach einem Monat Bettruhe getestet wurden, im Vergleich zu einer Kontroll-
gruppe, die vor der Bettruhe getestet wurde. Die Quellenlokalisation bestétigte eine geringere
Aktivitdt im bilateralen posterioren cinguldren Cortex, in der Insula und im Precuneus in der

Bettruhegruppe fiir emotionale, aber nicht fiir neutrale Stimuli.



Abstract

Schlussfolgerung: Die vorliegende Arbeit liefert weitere Nachweise fiir die negative Auswir-
kung von Langzeit-Bettruhe auf die Neurophysiologie und das Verhalten, die durch die Ein-
nahme eines antioxidativen Nahrungsergénzungsmittels nicht gemildert werden konnte. Zu-
kiinftige Untersuchungen sind notwendig, um die Mechanismen, die diesen Effekten zugrunde
liegen, aufzukldren und die Entwicklung effizienter zielgerichteter GegenmaBBnahmen zu {or-

dern, um das Uberleben der Menschen im Weltraum zu sichern.

VI



Introduction

1 Introduction

Man's yearning to explore the space is as old as mankind itself. However, it was not until 1961
that the first manned space flight took place. Currently, national space agencies and private
companies are striving for further deep space exploration and human settlement. For example,
the National Aeronautics and Space Administration (NASA) is planning their next manned
flight to the moon for 2024. The aim of this program is to build a modular space station in the
lunar orbit that provides vital support for a sustainable, long-term human return to the lunar
surface. It could later also serve as a staging point for flights to Mars. These future missions
will require astronauts to live and work in an isolated, confined and hostile environment for
prolonged time periods exposing them to numerous physiological, environmental, and psycho-
social stressors including social isolation and confinement, radiation, increased CO; levels,
hypokinesia, and weightlessness [1]. Within the past decades, a large body of research has al-
ready been performed to understand the impact of spaceflight on the human body. To date, the
main focus of these investigations has been on the cardiovascular system, the endocrine system,
and the musculoskeletal system [2]. However, due to the extended duration of stays in space,
psychosocial circumstances and neurobehavioral adaptations are becoming increasingly im-
portant. This is supported by NASA’s Human Research Roadmap [3] identifying cognitive and
behavioral conditions as well as mental disorders as one of the prime risk factors of prolonged
spaceflight. Thus, studies elucidating the neurobehavioral changes associated with such en-
deavors are critically needed before future missions can take place. These studies should ideally
be performed in space. However, implementing experiments onboard the International Space
Station involves high costs, is restricted to specific experimental setups, and limited to small
sample sizes. Therefore, different Earth-based analog models have been developed to fully un-
veil the effects of spaceflight on the human body. These analogs include parabolic flights, iso-
lation studies, dry and wet immersion, and bed rest in horizontal and head-down tilt position.
Certainly, all these models can only partially replicate the stressors associated with spaceflight.
To study the physiological effects of microgravity on ground, head-down bed rest (HDBR) has

predominantly been used in the past because it can be conducted over extended time periods.

1.1 Head-down Bed Rest

After several decades of research, it has been determined that a minus 6 degrees head-down tilt

position provides the best way for simulating the physiological adaptations to microgravity.
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This came firstly from anecdotal reports of Russian cosmonauts [4]. When returning to Earth
after long-term spaceflights, they complained about the feeling of falling out of the bed. Con-
sequently, the lower part of the bed was raised to eliminate this sensation. Because of this,
investigators experimented with head-down positioning to accentuate the fluid redistribution
and thus better approximate what is observed during spaceflight. Tilting angles used ranged

from minus 4 to minus 15 degrees but minus 6 degrees emerged as the most common one [5].

Nowadays, space agencies use bed rest studies from several days up to three months to mimic
the physical deconditioning, and cephalic fluid shifts, and to a certain degree, also sensory dep-
rivation and confinement observed during standard space missions. To date, the model has been
employed in several studies to examine the neurophysiological, behavioral, and cognitive ad-
aptations to inactivity and semi-isolation. Recent studies using magnetic resonance imaging
(MRI) have shown that prolonged bed rest is associated with structural and functional brain
changes. For instance, Roberts et al. (2015) reported an upward and posterior brain shift, in-
creased density of brain tissue at the vertex, and contraction of adjacent cerebrospinal fluid
(CSF) spaces [6]. Koppelmans and colleagues (2017) observed widespread increases in gray
matter (GM) volume in posterior brain regions and decreases in frontal areas [7]. In addition,
alterations in prefrontal cortex functioning [8], changes in the activation of the frontal, parietal,
cingulate and temporal cortices [9], as well as decreases in GM volume within the bilateral
frontal lobes and increases along the left primary sensorimotor cortex were found [10]. Though
MRI can be considered the gold-standard to assess structural and functional brain changes it
suffers from a poor temporal resolution. EEG is capable of assessing cortical responses in the
order of milliseconds. In particular, event-related potentials (ERPs), i.e., electrical potentials
induced by specific internal or external events can provide information about a broad range of
cognitive and affective processes. Still, data on electrocortical adaptations during long-term bed
rest are scarce. Previous studies using immediate postural changes or short-term head-down tilt
of up to two hours reported decreases in EEG power at rest [11-13], but no study so far inves-
tigated the effects of long-term bed. As part of this thesis, data from one experiment elucidating
how a prolonged duration of HDBR affects resting state activity is therefore presented [14].
Moreover, studies using ERPs to assess changes in neurobehavioral processing during bed rest
are lacking. Given that physical activity enhances cognitive processes, including attention, ex-
ecutive function, and memory, promotes mental well-being, and supports psychological health
[15-17], it can be expected that physical inactivity provokes significant neurobehavioral im-
pairments. Accordingly, bed rest has previously been shown to induce decrements in executive
function [18,19] and deteriorations in emotion recognition processing during a Flanker task

2
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[20]. However, other studies reported no changes or improvements in tasks assessing several
aspects of cognitive functioning in response to bed rest [21-25]. This work therefore shows
data from two experiments [26,27] using established paradigms measuring selective attention
and emotion processing to further improve the knowledge about the effects of bed rest on brain

and behavior as well as the underlying electrocortical processes.

In addition to assessing the consequences of spaceflight on human physiology, bed rest studies
also provide the opportunity to develop and test potential countermeasures to mitigate these
effects. Previously tested countermeasures included resistive exercise to minimize loss of bone
density and muscle mass, aerobic exercise to maintain cardiorespiratory fitness, or artificial
gravity to reduce the effects of body unloading and fluid shifts [28]. Despite the success and
unique accomplishment of these approaches, they require considerable crew time and hardware.
Countermeasures that are easy to apply, are timesaving, and target different organ systems, are
therefore critically needed. A nutritional supplement taken during mealtime could have the po-
tential to meet these requirements. Prolonged physical inactivity is thought to be associated
with increased oxidative stress that might trigger a persistent systemic low grade inflammation
[29]. For instance, 45 days of bed rest have been shown to elevate the release of immune cells
and inflammatory cytokines (interleukins) that are important regulators of immune responses
and inflammatory reactions. This was confirmed by a 60-day bed rest study revealing signifi-
cant alterations in immune cell populations and cytokine concentrations [30]. These inflamma-
tory conditions that are usually associated with a wide range of diseases such as hypertension,
hyperglycemia, and insulin insensitivity, can also be expected to systematically affect brain
function and cognition [31,32]. Dietary substances that inhibit or alleviate the inflammatory
responses could therefore be potent in attenuating the potential maladaptive neurophysiological
effects of long-duration immobilization. One such group of substances shown to have strong
antioxidant properties are polyphenols, which are a family of naturally occurring organic com-
pounds. In the past, the health benefits of polyphenols have been linked to their capacity to
directly scavenge free radicals and other nitrogen species. However, recent findings suggest
that polyphenols may activate adaptive cellular stress response pathways triggering the produc-
tion of several types of cytoprotective proteins including neurotrophic factors, protein chaper-
ones, antioxidant and phase II enzymes, and antiapoptotic proteins [33]. Polyphenols are found
extensively in fruits, vegetables, and beverages and are thus typically ingested as part of the
normal diet. For instance, fruits such as grapes, apples, and berries contain up to 300 mg of

polyphenols per 100 g fresh weight. Cereals, dry legumes, and chocolate as well as wine, tea,
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and coffee also significantly contribute to the usual polyphenolic intake. In addition, polyphe-
nols can be supplemented using such dietary extracts as green tea, spearmint, grape seed, or
ginger. These plant-based extractives are considered to have higher levels of phenolic content
and therefore provide stronger antioxidant properties. Given these antioxidant and anti-inflam-
matory characteristics it is not surprising that polyphenols have been shown to promote cogni-
tive processes including but not limited to executive functions, working memory performance
and attention while reducing the risk for neurodegenerative disorders [34,35]. Both, acute and
regular supplementation with polyphenols have been demonstrated to modulate resting state
electrocortical activity [36-38] and enhance performance in a variety of cognitive tasks as-
sessing different subdomains of attention, i.e., sustained attention, selective attention, and com-
plex attention [39—41]. It can thus be assumed that a nutritional supplement containing poly-
phenols could be effective in counteracting the potential adverse effects of bed rest on resting

state electrocortical activity and neuroelectric processing of attention.

In summary, data on the effects of long-term bed rest on electrocortical activity are lacking so
far. There is evidence from short-term studies suggesting that resting state power decreases with
the onset of bed rest. Data from behavioral studies are inconclusive, showing deteriorations, no
changes or even improvements. An antioxidant supplement may be able to enhance cognitive

processes and preserve from the potential maladaptive effects of prolonged bed rest.

1.2 Hypotheses

The aim of the current thesis was to investigate the effects of long-term head-down tilt bed rest
on brain function using EEG at rest and while performing cognitive tasks. To address this aim,

the following hypotheses have been equally evaluated as part of the integrated publications:

1) The postural change to head-down tilt leads to a decrease in EEG resting state spectral
power with the onset of bed rest irrespective of the treatment. With increasing duration
of bed rest spectral power will further be affected [14].

2) One month of bed rest leads to a cortical inhibition of affective picture processing as
indicated by reduced event-related potentials and changes in self-reported evaluations
of the stimuli [26].

3) Two months of bed rest negatively affects attentional resource allocation as indexed by
reductions in task performance and concomitant neuroelectric measures. These changes

can be mitigated by an antioxidant supplement due to its neuroprotective properties [27].



Materials and Methods

2 Materials and Methods

The experiments described in this synopsis were part of the randomized controlled study “Ef-
fects of a nutritional cocktail consisting of antioxidant and anti-inflammatory supplements to
prevent the deconditioning induced by 60 days of antiorthostatic bed rest” that was sponsored
by the European Space Agency and carried out by the French Institute for Space Medicine and
Physiology in Toulouse, France in 2017. The study was approved by the local ethics committee
and registered at ClinicalTrials.gov under NCT03594799. In the following paragraphs, the
study design, experimental procedures, data analyses and statistics are summarized. For more

detailed information see the original publications [14,26,27].

2.1 Participants

Due to the time-consuming as well as physically and psychologically demanding nature of the
study, potential candidates had to undergo a multistage selection process comprising a tele-
phone interview, an Air Force Class III equivalent physical examination and a psychological
screening. Exclusion criteria included but were not limited to cardiovascular diseases, muscu-
loskeletal or neurological dysfunctions, gastroesophageal reflux, osteopenia, or osteoporosis.
In addition, volunteers with a history of mental illness, the presence of psychological disorders,
a lack of tolerance for close spaces, the unwillingness to share a hospital room with another
participant, or the inability to tolerate 60 d of confinement to bed rest were excluded after the
psychological screening. From more than 500 applicants, twenty men (mean age: 34 + § years;
mean height: 176 £ 5 cm; mean body mass: 74.0 + 7 kg; n = 17 right-handed) passed the screen-
ing process and were enrolled in the study. All participants provided written informed consent

before participating in the study and received a monetary compensation for their participation.

Table 1. Subjects’ group characteristics at baseline for CTRL and TREAT.

TREAT (n = 10) CTRL (n = 10)
Age () 34.8+7.5 (24-44) 33.5+7.5 (20-45)
Height (cm) 176.1+4.7 (168-184) 176.145.2 (69-184)
Body Mass (kg)  73.1+5.7 (66.6-83.5) 74.9+8.8 (61.6-86.0)
BMI (kg/m?) 23.6£1.6 (21.9-25.5) 24.142.1 (21.1-27.7)

Data are means and standard deviations (min-max); TREAT, bed rest group receiving antioxidant supplementa-
tion; CTRL, bed rest control group not receiving supplementation; BMI, Body Mass Index.

On the first day of the bed rest phase the participants were randomly allocated to one of two

groups by the study coordinator. The intervention group (TREAT) received a daily antioxidant

5
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supplement in terms of six pills (two pills per meal) during their bed rest phase. This dose was
equivalent to 741 mg polyphenols, 2.1 g omega-3 fatty acids, 168 mg vitamin E and 80 pg
selenium. The participants of the control group (CTRL) did not receive any treatment. A com-
parison of demographic group characteristics is displayed in Table 1. There were no significant

differences in any subject characteristics at the beginning of the study (all p > 0.57).

2.2 Study Design

The bed rest study comprised 15 days of baseline data collection (BDC), 60 days of -6 degrees
head-down tilt bed rest (HDBR) and 15 days of recovery (R). The study protocol was highly
standardized. Participants were accommodated in double bedrooms. Regular sleep-wake cycles
were maintained with lights off at 11 pm and scheduled wake-up between 6:30 and 7:00 am.
The diet was provided by a specialized team of nutritionists regulating the daily caloric intake
according to the personal energy requirements and served on a fixed schedule three times per
day. The intake of liquids was not limited but recorded through intake and output diaries. Dur-
ing their leisure time, participants had access to various media, such as books, games, video,
radio, and internet. Contact with family and friends via phone or email was allowed, though
visitors were not permitted. During the bed rest period, the participants had to remain in a lying
position with at least one shoulder touching the bed at all times, including while eating and
maintaining personal hygiene. Strict adherence to this position was monitored by video cam-

cras.

A total of 16 research teams were involved in the study. Accordingly, the volunteers partici-
pated in more than 100 different experiments. The three experiments presented within the scope
of this thesis include EEG data collections (1) at rest [14], (2) while administering an oddball
task [27], and (3) during an emotion task [26] that were done at different time points during the
study. The experimental schedule is displayed in Fig. 1a. In the following, these three experi-

ments will briefly be summarized.

2.2.1 Impact of 60-Day Bed Rest on Resting State Electrocortical Activity

The first experiment was used to assess the time course of changes in resting state electrocorti-
cal activity [14]. All participants were repeatedly subjected to EEG data collections at rest.
Three minutes of eyes-closed EEG recordings were performed eight days before HDBR (BDC-
8), on days 7, 31, and 60 of bed rest (HDBR7/31/60), and once eight days after HDBR (R+7,
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R+0 was the first day of the recovery phase). Unlike the other experiments of this thesis, base-
line and recovery data (BDC-8 and R+7) were recorded in a seated position and not in head-
down tilt posture. During HDBR participants stayed in -6 degrees head-down tilt for the course

of the data collection.

a B Resting state [ Oddball task () Emotion task
BDC (15 d) HDBR (60 d) R (15 d)
[ | [ | [ | [ | [ |
e L7 e
Q Q
BDC-8 HDBR7 HDBR31 HDBR60 R+7
b 1) Emotion task ¢ |1 Oddball task S
argel
500 ms 100 ms ¥ Distractor

1000 ms

2000 ms Response
I" 4 window
! ) 700 ms
Inter-trial
Valence interval
rating 100 ms
5 @
% S8 Arousal
rating Response 1000 ms
: 500 ms window
ij‘“g Inter-trial 1700 ms
2000 ms interval
100 ms
1 block a 75 trials 2 blocks a 175 trials
25 positive, 25 neutral, and 25 negative stimuli 42 distractor, 42 target, and 166 standard stimuli

Figure 1. General study design. In panel a, the experimental schedule is displayed. Data was collected
in a -6 degrees head-down tilt position on all testing days for all experiments except for the resting state
that was performed in a seated position during baseline (BDC) and recovery (R). The emotion task was
administered either before bed rest (BDC-8) or after 31 days of bed rest (HDBR31) in a counterbalanced
fashion. Panel b provides a schematic overview of the emotion task used to assess affective processing.
A schematic representation of the three-stimulus visual oddball paradigm is shown in panel c.

2.2.2 Impact of 30-Day Immobilization on Affective Picture Processing

The second experiment was employed to assess affective picture processing [26]. For this, the
participants of the bed rest study were randomly divided into two groups. Half of the partici-
pants were tested eight days before undergoing bed rest (BDC-8), the other half after one month
of bed rest (HDBR31). The group that was tested on BDC-8 served as a control for the group
that was tested on HDBR31. Importantly, both experimental cohorts did not differ in age and
anthropometric factors (all p > 0.74). To reduce potential confounding effects of body posture,
both groups were tested in -6 degrees head-down tilt after at least 30 minutes of adaptation to

this position.
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Fig. 1b provides a schematic overview of the emotion task used as part of this experiment. In
brief, 75 standardized stimuli selected from the IAPS dataset [42], including unpleasant (n =
25, e.g., scenes of violence, threat and injuries), pleasant (n = 25, e.g., sporting events, erotic
scenes) and neutral pictures (n = 25, e.g., household objects, landscapes) were presented in a
random order. Before each trial, a central fixation cross appeared for 500 ms. Pictures were
displayed on the screen for 2000 ms. After each picture presentation participants were asked to
rate the arousal and valence of their emotional perception using two independent 9-point Likert
scales that ranged from very unpleasant/not arousing at all to very pleasant/very arousing. The

rating was performed without any time constraints.

2.2.3 Impact of 60-Day Bed Rest on Attention and its Neuroelectric Basis

The third experiment was employed to assess the impact of two months of bed rest on selective
attention [27]. EEG data were collected from all participants while performing a three-stimulus
oddball task eight days before bed rest (BDC-8), after 60 days of HDBR (HDBR60), and eight
days after bed rest (R+7). To account for potential postural effects, participants were tested in
a -6 degrees head-down tilt position on all measurement days after at least 15 minutes in this

position.

A schematic overview of the three-stimulus oddball paradigm is given in Fig. 1c. In sum, par-
ticipants were instructed to respond to an infrequent target stimulus as quickly and accurately
as possible by pressing a button while ignoring all other stimuli. Target stimuli were defined as
55-mm diameter white circles occurring with a probability of 0.12. A 47-mm diameter white
circle that was presented with a probability of 0.76 was used as the standard stimulus. A full-
screen checkerboard that was presented with a probability of 0.12 served as a distractor stimu-
lus. All stimuli were shown for 100 ms, with a 1000-ms response window and a 1700-ms inter-
trial interval. The experiment consisted of two blocks of 175 trials each, resulting in a total of
42 target and 42 distractor stimuli. Performance was assessed by reaction time (RT) in milli-
seconds and response accuracy to the target stimuli in percent. An efficiency score was calcu-

lated by averaging the z-transformed accuracy and speed summary scores.

2.3 Data Acquisition and Pre-Processing

All data collections were performed in a dimly lit and sound-attenuated room in the morning
between 8.30 am and 1.30 pm. The electrocortical activity was continuously recorded and syn-

chronized with the stimuli using a 32-channel amplifier (actiCHamp, Brain Products GmbH,

8



Materials and Methods

Germany). Electrodes were attached to an EEG cap (actiCap, Brain Products GmbH, Germany)
according to the International 10/20 System using F, as the reference electrode. Eye movements
and eye blinks were monitored via tin electrooculogram electrodes (B18 Multitrodes,
EASYCAP GmbH, Germany). Collected data were processed offline using EEGLAB and
ERPlab, two toolboxes embedded in MATLAB (version R2015b, The MathWorks, Inc., Na-
tick, Massachusetts, United States). As described in detail in the original publications, data
processing included filtering, visual inspection, interpolation of channels with a poor signal
quality, baseline correction, and artifact removal [14,26,27]. An automated exclusion procedure
was used, that rejected epochs which exceed a pre-defined slope and minimum/maximum
threshold. Artifact-free data were used for the respective analyses of the three different experi-

ments as described below.

2.4 Data Analysis and Statistics

All data analyses were performed in MATLAB and all statistical analyses were run using the
software package R [43] (version 3.6.3) unless stated otherwise. The level of significance was

set at a = 0.05 (two-sided) for all tests (p < 0.05).

2.4.1 Impact of 60-Day Bed Rest on Resting State Electrocortical Activity

The resting state EEG data were analyzed by fast Fourier transform to calculate absolute
(wV?/Hz) power density within the theta (0.5 to 4 Hz), delta (4 to 7.5 Hz), alpha (7.5 to 12.5
Hz), and beta (12.5 to 35.0 Hz) domain. After clustering the electrodes into four regions of
interest (anterior-left, anterior-right, posterior-left, posterior-right) the averaged activity values
were exported for statistical analysis. For each frequency band, linear mixed models were run
with Participants as random effects (random intercepts), and 7Time (BDC-8, HDBR7, HDBR31,
HDBR60, R+7), Group (TREAT, CTRL), Laterality (left, right), Region (anterior, posterior),
and their interactions as fixed factors. To assess changes from baseline simple comparisons
were performed between the baseline recording (before HDBR) and all subsequent time points
using pre-planned contrasts corrected for multiple comparisons. For further details on data anal-

yses and statistics see the original publication [14].

2.4.2 TImpact of 30-Day Immobilization on Affective Picture Processing

Artifact-free EEG data from the emotion task were used to create epochs ranging from 200 ms
before stimulus presentation to 800 ms after stimulus onset which were separately averaged for

positive, negative, and neutral stimuli. For each stimulus type, the late positive potential (LPP)
9
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was assessed as the average voltage between 400 and 700 ms following picture onset while the
P300 was quantified as the average voltage between 280 and 350 ms after stimulus presentation.
The mean P300 and LPP amplitudes were averaged for anterior and posterior electrodes, re-
spectively and exported for statistical analysis. Separate mixed model ANOV As for each region
(anterior, posterior) and ERP component (P300, LPP) were employed using Stimulus Type
(negative, neutral, positive) and Group (BDC-8, HDBR31) as fixed factors and Participants as
a random factor. Self-reported evaluations of emotional valence and arousal were analyzed by
linear mixed models with the same parameters. Simple comparisons between each condition
and both groups were performed using pre-planned contrasts with corrections for multiple com-
parisons. Additionally, the eELORETA software [44] (version 20181116) was used to identify
the neural sources of the electrocortical responses. Independent sampled F-tests were used to
test for differences in estimated cortical current density between groups in all emotional condi-
tions and both time frames. Statistical significance was assessed using a non-parametric per-
mutation test with 5000 randomizations that determined the critical probability threshold (Ferit)
with corrections for multiple testing. Additional details on data analyses and statistics are pro-

vided in the original publication [26].

2.4.3 Impact of 60-Day Bed Rest on Attention and its Neuroelectric Basis

The cleaned oddball EEG data were segmented into epochs including 100 ms of pre-stimulus
baseline and 1000 ms of stimulus-dependent data and averaged for correctly identified target
and distractor trials. Two timeframes were evaluated to assess the responses to distractor and
target stimuli, i.e., 250 to 550 ms following the onset of the distractors and 300 to 700 ms after
target presentation. Statistical analyses were performed using cluster-based permutation tests
carried out in MATLAB [45,46] in order to detect electrode sites that collectively show changes
in the ERP waveforms between groups and testing days. Separate linear mixed model ANOVAs
were run on the performance measures, i.e., RT, accuracy, and efficiency treating Participants
as a random factor, and 7ime (BDC-8, HDBR60, R+7), Group (TREAT, CTRL) and their in-
teraction as fixed factors. Simple comparisons between the initial recording and both subse-
quent points in time were performed via pre-planned contrasts with corrections for multiple
comparisons using a false discovery rate procedure. More detailed information on data analyses

and statistics is given in the original publication [27].
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3 Results

In the following chapter, a brief summary of the main results of the three experiments, i.e.,
resting state EEG, affective processing of emotional stimuli, and electrocortical processing of
selective attention, is provided. For a comprehensive overview of all results and full statistical

reports see the respective publications [14,26,27].

3.1 Impact of 60-Day Bed Rest on Resting State Electrocortical Activity

Region by Time Effect (CTRL+TREAT)
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Figure 2. Time courses of resting state electrocortical activity for theta, delta, alpha, and beta
power at anterior and posterior sites (pooled groups). Data show estimated marginal means and
standard errors of the Time by Region (dashed grey line: anterior, solid black line: posterior) interaction.
BDC-8, 8" day before head-down bed rest; HDBR7/31/60, 7"/31°/60™ day of head-down bed rest; R+7,
8" day after head-down bed rest (the first day of recovery was R+0); *p < 0.05, **p < 0.01, and ***p <
0.001 compared to baseline.

This figure is based on Brauns et al. (2021a) [14].

As described in detail by Brauns et al. (2021a), the mean changes in EEG spectral power were
very similar between groups (TREAT, CTRL) for all frequency domains which was confirmed
by mixed model analyses [14]. There were neither significant main effects of Group (all p >
0.441) or Laterality (all p > 0.436) nor significant interactions between Group and Laterality,
Time, or Region (all p > 0.075) for any frequency band. However, significant main effects of
Time and Region, and their interaction (all p > 0.001) were observed. These effects were found

for all frequency bands except delta (7Time by Region: p = 0.983). Contrasts (7ime by Region,
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Fig. 2) revealed that all power indices significantly decreased during the bed rest period at pos-
terior sites, reaching a plateau already at the seventh day of bed rest. A similar though less
pronounced pattern was observed for the anterior region showing significant decreases in all
frequency bands but alpha. In both regions the reductions in EEG spectral power returned to
baseline after the cessation of bed rest. The decrease in absolute power during HDBR was re-
lated to a reduced spectral power across all electrode sites. There were no differences between
the data collected during the bed rest period. This was revealed by a mixed model ANOVA
showing no significant interactions of 7ime and Region for any of the investigated frequency
bands (all p > 0.615). For a full summary of all results and statistics see the original publication

[14].

3.2 Impact of 30-Day Immobilization on Affective Picture Processing

Table 2. Subjective ratings for positive, neutral and negative pictures for the groups tested before bed
rest (BDC-8) and after one month of bed rest (HDBR31).

BDC-8 HDBR31

Valence Arousal Valence Arousal
Positive Pictures 7.6£0.6 5.7£1.2 7.6+£0.9 5.7£1.6
Neutral Pictures 4.6+0.9 2.4+1.2 5.2+0.8 2.2+1.2
Negative Pictures 2.6+0.5 5.7£1.0 2.6+0.7 5.7£2.2

Subjective ratings are based on 9-point Likert scales ranging from very unpleasant/not arousing at all to very
pleasant/very arousing. Data are means and standard deviations.

As shown by Brauns et al. (2019), the self-reported ratings of both groups, i.e., the group tested
before bed rest (BDC-8) and the group tested after one month of bed rest (HDBR31) were
consistent with TAPS normative data for all three picture categories ([42] as cited in [26]). Sta-
tistical analyses yielded a significant Stimulus Type effect for valence (p < 0.001) and arousal
(p < 0.001) irrespective of the subgroups. Positive slides were scored as more arousing (p <
0.001) and more pleasant (p < 0.001) than neutral ones. Negative slides were evaluated as less
pleasant (p <0.001) and more arousing (p < 0.001) than neutral pictures. The subjective valence
and arousal ratings are summarized in Table 2. The analysis did not reveal any significant effect
of Group or a Group by Stimulus Type interaction for neither valence (Group: p = 0.948; Group
x Stimulus Type: p = 0.879) nor arousal (Group: p = 0.909; Group x Stimulus Type: p = 0.928).

Mixed model analyses of P300 amplitudes revealed significant main effects of Stimulus Type
(anterior: p < 0.001; posterior: p = 0.034) and its interaction with Group (anterior: p = 0.002;
posterior: p = 0.002) as well as a significant Group effect (p = 0.004) at posterior sites. No
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interaction effects were observed for the LPP amplitudes (anterior: p = 0.061; posterior: p =
0.125). However, a significant Group effect at posterior (p = 0.026) and anterior electrodes (p
= (0.048) and a significant Stimulus Type effect at posterior sides (p < 0.001) was found. As
depicted in Fig. 3a, diminished P300 amplitudes for neutral stimuli compared to emotional ones
were observed in the group tested before bed rest (BDC-8). In both brain regions, these differ-
ences did not appear for the group tested after one month of bed rest (HDBR31). Likewise,
there were significant differences between LPP components induced by positive and neutral
stimuli at frontal and parietal electrodes and a significantly smaller LPP amplitude in the frontal

area induced by negative pictures compared to neutral pictures in the BDC-8 group only.
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Figure 3. Electrocortical responses to emotional and neutral stimuli. Panel a depicts averaged ERP
amplitudes to negative, neutral, and positive stimuli for the P300 and LPP components in participants
tested eight days before bed rest (BDC-8, reddish squares) and participants tested after one month of
bed rest (HDBR31, greyish circles) at anterior (solid lines) and posterior sites (dashed lines). *p < 0.05,
**p <0.01, and ***p < 0.001 compared to neutral pictures. Panel b shows statistical parametric maps
indicating differences in current source density between BDC-8 and HDBR31 for negative and positive
stimuli and both ERP components. The color scale depicts F-values for group differences of brain ac-
tivity. Blue colors highlight decreased activity in HDBR31 compared to BDC-8. F.,; critical probability
threshold, PCG posterior cingulate gyrus, BA Brodmann area.

This figure is based on Brauns et al. (2019) [26].
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Source localization revealed a significantly lower cortical activation in participants of the bed
rest group compared to the control group in the right insula (BA 13, p < 0.05, Fig. 3b, upper
right panel) for the averaged LPP evoked by positive pictures. Similarly, comparing the P300
components of both groups yielded lower cortical activations in the bilateral precuneus and the
bilateral cingulate gyrus (BA 31/7, p <0.05, Fig. 3b, upper left panel) in HDBR31 participants.
The comparison of both groups unveiled a diminished cortical activity at the same locations
(BA 31/7; all p < 0.05, Fig. 3b, lower panels) in bed rest participants when processing negative
pictures for both ERP components. No significant differences were found comparing the data
of the control and bed rest group for mean P300 and LPP amplitudes evoked by neutral stimuli.

A detailed description of all results and statistics is given in the original publication [26].

3.3 Impact of 60-Day Bed Rest on Attention and its Neuroelectric Basis

As stated in Brauns et al. (2021b), the analysis of the behavioral data revealed a significant
change over Time irrespective of the groups (p = 0.010) for the efficiency score [27]. There was
neither a main effect of Group (p = 0.22) nor interactions with 7ime (p = 0. 132). Contrasts
assessing the effect of 7ime confirmed a reduction in efficiency from 0.24 at baseline to -0.08
at HDBR60 (p = 0.019). Efficiency further decreased to -0.16 during the recovery period (p =
0.009). The analysis of response accuracy and RT did not yield any significant main or interac-

tion effects (all p > 0.097). Descriptive statistics for both groups are provided in Table 3.

Table 3. Behavioral characteristics of the oddball paradigm per Group and Time.

TREAT CTRL
BDC-8 HDBR60 R+7 BDC-8 HDBR60 R+7
RT (ms) 559.5+27.1 571.9+26.8 541.4+16.8 613.6+25.2 570.9+19.1 568.5+19.1

Accuracy (%) 87.9+2.4  843+4.1  82.4+43 89.5+£2.8  83.344.4  86.9+2.5
Efficiency 0.02+0.21 -0.06+0.13 -0.36+0.23  0.47+0.25 -0.11+0.13 0.04+0.12

Data are means and standard deviations. TREAT, bed rest group receiving antioxidant supplementation; CTRL,
bed rest control group not receiving the supplement; RT, reaction time; BDC-8, 8™ day before head-down bed rest;
HDBR60, 60" day of head-down bed rest; R+7, 8" day after head-down bed rest (the first day of recovery was
R+0).

The factorial mass univariate analysis revealed a main effect of Time for the ERPs elicited by
distractors (all cluster-wise p < 0.001) and targets (all cluster-wise p < 0.05). No significant
effects were observed for Group (all cluster-wise p > 0.36) or its interaction with Time (all
cluster-wise p > 0.49). Accordingly, simple comparisons were performed for pooled groups.
For this, the difference waves between HDBR60 and BDC-8, and between R+7 and BDC-8 for

the ERPs to distractors and targets was calculated. These difference waves were submitted to
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Figure 4. Electrocortical responses to target and distractor stimuli. ERP trace plots and topographical
maps show results of the cluster-based permutation tests for distractors and targets comparing HDBR60
(60th day of head-down bed rest) with BDC-8 (8th day before head-down bed rest) and R+7 (8th day
after head-down bed rest, R+0 was the first day of recovery) with BDC-8. The topographical maps show
t-values for all significant clusters found by the cluster analyses. T-values are averaged over a 30-ms
time window centered on the time point at which the Time effect was maximal. The electrodes compris-
ing each cluster are indicated as white circles in the topographical maps. The trace plots depict grand
averaged ERPs for each cluster pooled over the cluster electrodes with black lines indicating BDC-8,
red lines depicting HDBR60, and blue lines representing R+7. The shaded areas indicate the time win-
dows showing significant differences between measurement days.

This figure is based on Brauns et al. (2021b) [27].

separate cluster-based permutation tests. The analysis of the ERP waveform evoked by distrac-
tor stimuli (P3a component) revealed three significant clusters when contrasting HDBR60 and
BDC-8 (Fig. 4, upper left panel) and two significant clusters when comparing R+7 and BDC-8
(Fig. 4, upper right panel). Compared to BDC-8, distractor stimuli showed diminished re-
sponses on HDBRG60 in a large area comprising fronto-central and parietal electrodes (cluster-
wise p < 0.001, temporal extent: 284 — 550 ms) as well as at left temporoparietal (cluster-wise
p = 0.031, temporal extent: 263 — 470 ms) and occipital sites (cluster-wise p = 0.019, temporal
extent: 267 —467 ms). Accordingly, attenuated ERPs were found in a large cluster (cluster-wise

p < 0.001, temporal extent: 250 — 550 ms) spanning fronto-central and parietal sites, and a
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second cluster (cluster-wise p = 0.012, temporal extent: 250 — 530 ms) having an occipital to-
pography when comparing R+7 with BDC-8. The analysis of the ERP responses to targets (P3b
component) yielded slightly different results (Fig. 4, lower panel). A larger potential on
HDBR60 than on BDC-8 was observed at occipital sites (cluster-wise p < 0.001, temporal ex-
tent: 300 — 700 ms) and a smaller one at fronto-central and parietal electrodes (cluster-wise p =
0.021, temporal extent: 300 — 696 ms). In a similar area encompassing fronto-central and pari-
etal sites (cluster-wise p = 0.002, temporal extent: 332 — 696 ms), a decreased P3b amplitude
was found when comparing R+7 to BDC-8. Further details on all results and statistics are pro-

vided in the original publication [27].
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4 Discussion

The present experiments aimed to investigate the effects of long-term immobilization and anti-
oxidant supplementation on electrocortical activity in young, healthy men. Resting state elec-
trocortical power significantly decreased with the onset of bed rest [14]. Increasing time in bed
did not affect this response. Task-related data revealed significant impairments of attentional
processing after two months of bed rest [27] as well as blunted responses to emotional stimuli
after one month of immobilization [26]. In contrast to the hypothesis, antioxidant supplemen-

tation did not mitigate the adverse neurobehavioral effects of prolonged bed rest.

The findings from the resting experiment point to a considerable effect of posture due to the
bed rest induced fluid shift [14]. Although there is currently no evidence for an overall fluid
increase within the intracranial compartment, MRI data from two long-term bed rest studies
demonstrated changes in cerebrospinal fluid layer thickness and redistributions of CSF [6,47].
Due to its high conductivity CSF weakens the electric field and current density in the scalp.
Any changes in CSF distribution could thus be expected to systematically affect EEG record-
ings [14]. This was shown by simulation studies reporting that minute shifts in CSF concentra-
tion can significantly influence EEG signals ([48,49] as cited in [14]). Experimental studies
have confirmed the impact of CSF on electrocortical power ([50] as cited in [14]). Rice and
colleagues (2013) measured EEG in prone and supine position and reported an inverse relation-
ship between CSF layer thickness and electrocortical power which they attributed to instant
shifts in CSF thickness. A redistribution of CSF in response to the head-down tilt posture could
therefore have resulted in the observed decreases in spectral power across all frequency bands
[14]. Interestingly, the findings from the current experiment were replicated by Brauns and
colleagues (2021a) in a second bed rest study assessing the efficacy of an exercise counter-
measure and having the first resting EEG data collection in bed after 24 h of bed rest [14]. Data
revealed a decrease of spectral power across all frequency bands with no further changes over
the course of the two-month bed rest phase irrespective of the countermeasure. The timing of
this response again argues for a postural effect. This is further supported by findings from var-
ious studies on the immediate effects of head-down tilt or supine posture showing decreases in
EEG power within the alpha, beta, and gamma frequency bands [11-13]. Given these observa-
tions, it is likely that posture, rather than inactivity and prolonged immobilization, induced the

changes in spectral power in the resting state experiment.
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Unlike the resting state data, the task-based experiments revealed considerable changes in elec-
trocortical activity in response to prolonged bed rest. As described in detail in Brauns et al.
(2021b), data showed widespread fronto-central and parietal decreases in ERP amplitudes in
response to targets and distractors presented as part of the oddball task [27]. These effects were
paralleled by decreases in efficiency that were still evident eight days after completion of bed
rest. Likewise, diminished ERP responses to affective stimuli, but not neutral pictures of the
emotion task, were observed by Brauns and colleagues (2019) in participants tested after one
month of bed rest when compared to an age-matched group tested before bed rest [26]. This
inhibition was found to be localized in the precuneus, cingulate gyrus, and insula. Importantly,
all data collections were performed in a -6 degrees head-down tilt position after at least 15
(oddball task) or even 30 minutes (emotion task) in this position. It is therefore assumed that
the current findings are affected by the prolonged inactivity and semi-isolation associated with
bed rest, rather than changes in body posture. Several mechanisms are likely to have contributed
to the altered ERP responses. As stated before, MRI studies on the effects of prolonged bed rest
revealed structural brain changes including but not limited to increases in gray matter volume
in posterior parietal brain regions and decreases in the frontal lobes. Gray matter volume has
been shown to correlate with the amplitudes of several ERP components ([51,52] as cited in
[27]). For instance, Pergher et al. (2019) found significant positive correlations between P300
amplitudes at frontal, central and parietal areas and gray matter volume of the post-central gy-
rus, lingual gyrus, and the thalamus in the elderly. Similarly, Ford et al. (1994) reported corre-
lations between P300 amplitudes at parietal sides and frontal gray matter volume as well as
between P300 amplitudes at frontal sides and parietal gray matter volume. It is thus reasonable
to assume that the changes in ERP responses detected as part of the behavioral experiments of
this thesis could be the result of the cortical restructuring induced by bed rest. Another expla-
nation for the current findings relates to changes in brain hemodynamics, i.e., decreases in cer-
ebral blood flow (CBF) in response to bed rest ([53] as cited in [27]). There is some evidence
that cerebral blood flow and neuroelectric processes are coupled [54,55]. Li and colleagues
(2005) observed positive correlations between regional CBF at temporal and parietal regions
and P300 amplitudes. Likewise, Higashima et al. (1996) reported that task-related increases in
regional CBF positively correlated with P300 amplitudes in the right posterior superior tem-
poral region. Thus, changes in cerebral blood flow induced by prolonged bed rest might have
caused the electrocortical alterations observed for the oddball and emotion task. It is also rea-
sonable to assume that the electrocortical alterations were driven by changes in neuroendocrine

responses associated with bed rest. There is current evidence that inactivity and prolonged bed
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rest affect various neurotransmitter systems, specifically the dopaminergic, noradrenergic, and
serotonergic system ([56,57] as cited in [27]). Recent findings indicate that a dual-transmitter
system is involved in generating the P300 sub-components of the three-stimulus oddball task.
While dopamine is supposed to mediate the frontal P3a, the generation of the P3b is related to
the locus coeruleus-norepinephrine system ([58] as cited in [27]). The monoaminergic system
is also well-known for its critical role in controlling human behavior ([59] as cited in [27]).
Several psychiatric disorders such as depression [60], and anxiety [61], as well as behavioral
disturbances among people with dementia [62] have been shown to be associated with altera-
tions in serotonin and norepinephrine concentrations. Modifications of the neurotransmitter
level induced by long-duration bed rest could therefore have added to the altered ERP responses
observed in the task-based experiments. Certainly, other factors related to prolonged bed rest
such as elevated stress responses, circadian disruptions, and mood disturbances may also have
influenced the outcome. Further research is thus needed to clarify the mechanisms behind the

electrocortical changes.

In contrast to one of the hypotheses, there were no effects of the intervention on cognitive abil-
ities and electrocortical activity. The antioxidant supplement, which included a considerable
proportion of polyphenols, affected neither resting state spectral power [14] nor ERP responses
or behavioral measures of the oddball paradigm [27]. Due to the experimental design used for
the emotion task (half of the participants were tested before bed rest, half of the participants
after 31 days of bed rest) no conclusions could be drawn regarding the impact of antioxidant
supplementation on affective processing. There is a paucity of data regarding the effects of
polyphenol-rich foods and beverages on electrocortical activity. As part of a feasibility study,
Okello and colleagues (2016) assessed resting state electrocortical power in healthy adults one
hour after the consumption of black and green tea [38] and reported significant increases in
alpha, beta, and theta power albeit with considerable inter-individual differences. Likewise,
Scholey and colleagues (2012) observed increases in resting state spectral power within the
same frequency bands two hours after the administration of 300 mg of caffeine-free tea extract
in young healthy men [36]. In contrast, resting state delta power slightly decreased 90 minutes
after administration of mango leaf extract in adults [63]. In a task-based study, Saenghong and
colleagues (2012) demonstrated that two months of supplementation with 400 or 800 mg of
ginger extract lead to increases in P300 amplitudes during an auditory oddball paradigm in
middle-aged women [39]. Similarly, in middle-aged participants a 30-d administration with 250
or 500 mg cocoa flavanols revealed modulations of steady-state visually evoked potentials dur-
ing memory encoding and retrieval but no performance changes [64]. Apart from that, there is
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ample evidence for a beneficial effect of dietary polyphenols on several cognitive aspects such
as working memory, psychomotor vigilance, and attention. For instance, in a 90-day trial Fal-
cone et al. (2019) reported improvements in complex and sustained attention assessed by the
Stroop and Continuous Performance Task after a daily supplementation with 900 mg of propri-
etary spearmint extracts in young healthy adults [41]. In the elderly, a twelve-week trial of 250
mg daily grape seed extract supplementation revealed enhancements in general cognitive do-
mains including attention and memory measured by a combination of neuropsychological tests
and assessment tools [65]. Collectively, these data suggest that antioxidant-rich supplements
and food positively affect neurobehavior. However, the generalizability of this assumption is
questioned by some studies reporting no impact of polyphenols on cognitive performance
[66,67]. Recently, a meta-analysis reviewed the influence of polyphenol-rich supplements on
cognitive functions and neuroplasticity in young and middle-aged adults and suggested benefi-
cial effects ([68] as cited in [27]). The authors stressed that the efficacy of the supplements
highly depended upon the administration type (acute vs. chronic), and the protocols used (dose
and bioavailability). The strongest effects were observed after acute supplementation. Chronic
treatment with antioxidants required high doses (>500 mg/day) and/or high bioavailability of
the phenolic content (>30%). The polyphenol dose of the supplement used in the current bed
rest study was 741 mg (per day), which can thus be considered high. At this point, it is not clear
why the countermeasure was not able to provide neuroprotective properties. Apparently, it is
difficult to compare the findings from the current work with the aforementioned studies because
of methodological differences, i.e., targeted population, treatment composition, doses, and du-
ration as well as neuropsychological tasks used [27]. Bioavailability, i.e., the extent and rate at
which an active compound enters systemic circulation, is individual and varies with sex and
age [69]. It can be speculated that inter-individual differences in nutrient absorption might have
accounted for the ineffectiveness of the supplement used in the present study. Notably, previous
supplementation studies demonstrated the strongest effects in women, the aging population,
and patients. The current study, however, targeted young, healthy men. At this point, it should
also be stressed that the nutritional supplement that was evaluated as part of this study was
initially intended to attenuate the inactivity-related metabolic alterations of the musculoskeletal
system. In particular, the treatment has been shown to reduce deteriorations in lipid metabolism
and muscle atrophy [70]. Future studies should therefore carefully revise the literature on nu-
tritional supplements to reveal its potential for enhancing cognitive functioning during bed rest

studies.
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Given that head-down bed rest is a classical model to simulate some of the physiological adap-
tations to spaceflight, the current findings could be directly translated to astronauts. Just like
bed rest, weightlessness induces a fluid shift towards the upper body. It is thus reasonable to
assume that the concomitant redistribution of CSF might also significantly affect EEG data
collected in space. The use of normalized measures of EEG like event-related spectral pertur-
bations and event-related potentials or early inflight recordings as baseline measurements for
follow-up data collections might help revealing the full potential of EEG recordings during
human space exploration. This is particularly important as the task-based data imply significant
cortical alterations in response to prolonged bed rest that could have serious consequences for
astronauts as well. Any impairment in affective processing and emotion regulation may inter-
fere with cognitive performance, impair mental well-being and lead to various forms of psy-
chopathology, especially in the context of a stressful environment like deep space. The man-
agement of positive and negative emotions is fundamental to human behavior and directly re-
lates to individual sociability and social interactions. During long-duration space missions, psy-
chological issues do not only affect individual crewmembers, but also the entire crew, which
could have serious implications for mission success. Equally important as the social component
is, of course, the mental performance of astronauts. Several operational tasks require higher-
level perceptual skills that rely on different cognitive aspects including memory, perception,
and attention. Selective attention involves focusing on key information and suppressing irrele-
vant distractors, reducing visual overload during information processing. Thus, any impairment
of attention could significantly influence performance of astronauts during several tasks, espe-

cially for mission-critical events like dockings and extravehicular activities.

In summary, head-down bed rest immediately induced considerable changes in spectral power
likely evoked by the reallocation of CSF [14]. Prolonged bed rest caused changes in neuroelec-
tric processing of affect [26] and selective attention [27]. The nutritional supplement that was
supposed to counteract the neurobehavioral maladaptation did not have any effect. These find-
ings highlight the pervasive consequences of physical inactivity and semi-isolation on cognitive
function and behavior, which are not only significant for spaceflight but also have clinical rel-
evance. Indeed, a sedentary lifestyle and physical inactivity are major health concerns in devel-
oped and developing countries. In addition, there is some evidence that physical inactivity pro-
motes the occurrence of diseases, including neurodegenerative disorders such as depression,
anxiety, and dementia. This is supported by the current results. The knowledge gained from this

thesis could therefore be important for situations in which physical activity levels are markedly
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Discussion

limited, such as medical conditions with reduced physical activity levels, bed-confinement dur-
ing hospitalized based care, people with sedentary lifestyles, and the aging population. Future
research is needed to elucidate the neurophysiological mechanisms underlying these effects, to
promote the development of efficient coping strategies and target-specific countermeasures for
mitigating the adverse effects of reduced physical activity and semi-isolation associated with

bed confinement on brain function and performance.
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Adverse cognitive and behavioral conditions and psychiatric disorders are considered
a critical and unmitigated risk during future long-duration space missions (LDSM).
Monitoring and mitigating crew health and performance risks during these missions
will require tools and technologies that allow to reliably assess cognitive performance
and mental well-being. Electroencephalography (EEG) has the potential to meet the
technical requirements for the non-invasive and objective monitoring of neurobehavioral
conditions during LDSM. Weightlessness is associated with fluid and brain shifts,
and these effects could potentially challenge the interpretation of resting state EEG
recordings. Head-down tilt bed rest (HDBR) provides a unique spaceflight analog
to study these effects on Earth. Here, we present data from two long-duration
HDBR experiments, which were used to systematically investigate the time course
of resting state electrocortical activity during prolonged HDBR. EEG spectral power
significantly reduced within the delta, theta, alpha, and beta frequency bands. Likewise,
EEG source localization revealed significantly lower activity in a broad range of
centroparietal and occipital areas within the alpha and beta frequency domains. These
changes were observed shortly after the onset of HDBR, did not change throughout
HDBR, and returned to baseline after the cessation of bed rest. EEG resting state
functional connectivity was not affected by HDBR. The results provide evidence for
a postural effect on resting state brain activity that persists throughout long-duration
HDBR, indicating that immobilization and inactivity per se do not affect resting state
electrocortical activity during HDBR. Our findings raise an important issue on the validity
of EEG to identify the time course of changes in brain function during prolonged HBDR,
and highlight the importance to maintain a consistent body posture during all testing
sessions, including data collections at baseline and recovery.

Keywords: spaceflight, bed rest, brain, EEG, cognition, fluid shift

INTRODUCTION

Future long-duration spaceflight missions (LDSM) will be much longer than current standard
missions on the International Space Station (ISS). They will be characterized by increased
physiological, environmental, and psychosocial stressors, including, but not limited to
weightlessness, hypokinesia, isolation and confinement, radiation, increased CO, levels, and sleep
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disruptions. Adverse cognitive and behavioral conditions and
psychiatric disorders are considered a critical and unmitigated
risk during such missions (McPhee and Charles, 2009).
Monitoring and mitigating crew health and performance risks
during LDSM will require tools and technologies that allow
to reliably assess cognitive performance and behavioral health.
Functional resting state magnetic resonance imaging (rsfMRI)
has considerable potential to predict human behavior. Using
rsfMRI, resting state functional connectivity was shown to
be associated with a variety of cognitive performance tasks,
such as attention (Clare Kelly et al., 2008), working memory
(Gordon et al., 2012) and fluid intelligence (Cole et al., 2012),
as well as emotional states (Bush et al., 2018; Kim et al.,
2019), and stress (Chen et al., 2019; Nowak et al., 2020;
Sato et al.,, 2020). Currently, no MRI system is available on
the ISS. Due to size as well as technical and operational
requirements, it is rather unlikely that any such system featuring
neuroimaging capabilities will be deployed on spacecrafts in the
near future. Electroencephalography (EEG) has the potential
to meet the technical requirements for the non-invasive and
objective monitoring of neurobehavioral conditions during
LDSM. Some technologies are readily commercially available that
are lightweight, highly mobile, battery-operated, and allow non-
invasive recordings of electrical cortical activity (Amaral et al.,
2017; Casson, 2019; He et al., 2019). EEG recordings in orbit
have been successfully employed as part of the Shuttle mission
‘Neurolab’ (Witten, 2005) and the experiment ‘NeuroSpat’ on the
ISS (Cheron et al., 2006, 2014; Cebolla et al., 2016; Petit et al.,
2019). Weightlessness induces a considerable fluid shift to the
upper body (Thornton et al., 1987). Furthermore, Roberts et al.
(2017) reported an upward shift of the brain in response to
long-duration spaceflight (Roberts et al., 2017). Head-down tilt
bed rest (HDBR) also causes a cephalic fluid shift (Hargens and
Vico, 2016). Likewise, HDBR has been associated with upward
and posterior brain shifts, increased density of brain tissue at
the vertex, contraction of adjacent cerebrospinal fluid (CSF)
spaces, and increased ventricular volume (Roberts et al., 2015).
Collectively, these data suggest that weightlessness provokes
fluid and brain shifts, which could be expected to systematically
affect EEG recordings.

Here, we present data from two long-duration bed rest studies
to identify the time course of resting state electrocortical activity,
and the effects of exercise and antioxidant supplementation as
countermeasures. The experiments were conducted as part of
the European Space Agency (ESA) sponsored 60-days bed rest
studies ‘RSL and ‘COCKTAIL. Previous studies investigating
the effects of immediate postural changes or short-term head-
down tilt (HDT) of up to 2 hours reported decreases in EEG
power of the alpha, beta, and gamma frequency bands (Schneider
et al., 2008; Chang et al., 2011; Spironelli and Angrilli, 2017).
In line with the acute postural effects of HDT, we hypothesized
that resting state EEG spectral power would decrease with the
onset of the first day of HDBR. Second, we anticipated that
functional and structural brain changes observed in response to
prolonged HDBR (Zhou et al., 2014; Liao et al., 2015; Yuan et al.,
2016, 2018; Friedl-Werner et al., 2020) would result in further
changes in EEG spectral power and affect resting state functional

connectivity, and that these effects would be moderated by
exercise and antioxidant supplementation.

METHODS

Study Design

Experiment 1: Long-Term Effects of HDBR With and
Without Exercise as a Countermeasure (RSL)

As part of the ESA sponsored bed rest study ‘Reactive jumps in a
Sledge jump system as a countermeasure during Long-term bed
rest — RSL Study’ (RSL) we acquired resting state EEG data once
before, three times during, and once after 60 days of HDBR to
identify the time course of electrocortical activity in response to
prolonged HDBR with and without exercise as a countermeasure.
The study was carried out at the :envihab facility of the German
Aerospace Agency (DLR) in Cologne, Germany in 2015/2016.
Details on the general study design and exercise program are
described elsewhere (Kramer et al., 2017). Briefly, twenty-three
young, healthy right-handed men [age: 29 £ 6 years, height:
181 & 6 cm, body mass: 77 £ 7 kg (mean % SD)] with no personal
history of neurological or psychiatric illness, drug or alcohol
abuse, and normal or corrected-to-normal vision were enrolled
in the study. All participants underwent 15 days of baseline
data collection (BDC-15 through BDC-1), 60 days of —6 degrees
HDBR (HDBRI through HDBR60) and 15 days of recovery (R+0
through R+14). On the first day of bed rest, participants were
randomly assigned to either an exercise group (RSL-TRAIN,
n = 12) that performed a high-intensity interval training during
HDBR or a control group (RSL-CTRL, n = 11) that did not
perform any physical training. Each training session consisted of
repetitive jumps and different series of countermovement jumps
with an average load > 80% of the participant’s body weight.
RSL-TRAIN performed a total of 48 exercise sessions during the
60-day bed rest phase (5% per week during the first two weeks
of HDBR, and 6x per week for the following six weeks). The
sessions were scheduled in the afternoon between 2 pm and
6 pm. Each training had a total duration of 20 min including
preparation. Because of medical reasons two participants (one
from each group) started their recovery after HDBR49 and
HDBR50, respectively (instead of HDBR60). A comparison of
the subgroup demographics is displayed in Table 1. There
were no significant differences in any subject characteristics (all
ps > 0.35).

Resting state eyes-closed EEG data were collected for 3 min
seven days prior to bed rest (BDC-7), on the second day of HDBR
(HDBR2), on the 28th day of HDBR (HDBR28), on the 56th
day of HDBR (HDBR56), and after 11 days of recovery (R+10,
the first day of recovery was R+0). For the two participants that
started their recovery earlier, data collection was performed on
the last day of their bed rest phase (i.e., HDBR49 and HDBR50,
respectively). During the baseline and recovery period data were
collected in seated position. During HDBR participants remained
in supine position at —6 degrees head-down tilt.

The project was registered with the German Clinical Trials
Register (DRKS, registration number DRKS00012946), and
approved by the Ethics Committee of the Northern Rhine
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TABLE 1 | Demographic characteristics for RSL and COCKTAIL subgroups at
baseline.”

RSL COCKTAIL
CTRL TRAIN CTRL TREAT
N 11 12 10 10
Age [years] 283+55 299+ 6.6 33.5+83 348+7.5
Height [cm] 179.6 £ 6.5 182.0+ 5.4 176.1 £ 4.6 1761 £ 4.7
Body Mass [kg] 77.6+75 719451 74.9 £ 9.1 731 +£5.7
BMI [kg/m?] 235 + 2.1 284 +1.7 241422 236+1.6

*Data are means and standard deviations; N, sample size; BMI, Body Mass Index.
RSL, 60-day head-down tilt bed rest study investigating the effect of bed rest
with (TRAIN) and without exercise (CTRL) as a countermeasure (Experiment 1);
COCKTAIL, 60-day head-down tilt bed rest studly investigating the effect of bed rest
with (TREAT) and without (CTRL) antioxidant supplementation as a countermeasure
(Experiment 2). There were no significant differences between subgroups within the
RSL and Cocktail experiment (all ps > 0.35). Participants of the RSL study were
slightly but significantly older and taller than participants of the COCKTAIL study
(o = 0.026 for age and p = 0.006 for height).

Medical Association (Arztekammer Nordrhein) in Diisseldorf,
Germany, and the local Ethics Committee of Charité -
Universitdtsmedizin Berlin, Germany. The study conformed to
all standards and ethical principles for medical research on
human subjects set out in the Declaration of Helsinki by the
World Medical Association. All participants were informed about
the purpose, experimental procedures, and risks before giving
their verbal and written informed consent to participate in
the experiment.

Experiment 2: Long-Term Effects of HDBR With and
Without Antioxidant/Anti-Inflammatory
Supplementation as a Countermeasure (COCKTAIL)
The second experiment was carried out as part of the ESA
sponsored bed rest study ‘Effects of a Nutritional Cocktail
Consisting of Antioxidant and Anti-inflammatory Supplements
to Prevent the Deconditioning Induced by 60 Days of
Antiorthostatic Bed Rest’. Resting state EEG data were collected
once before, three times during, and once after 60 days of HDBR
to identify the time course of electrocortical activity in response
to prolonged HDBR with and without an antioxidant/anti-
inflammatory nutritional supplement as a countermeasure. The
study was carried out at the French Institute for Space Medicine
and Physiology (MEDES), Toulouse, France in 2017. Details
of the general study design and nutritional supplement are
reported elsewhere (Arc-Chagnaud et al., 2020). Briefly, twenty
young healthy men (mean age: 34 + 8 years; mean height:
176 £ 5 cm; mean body mass: 74 + 7 kg; n = 17 right-
handed) with no personal history of neurological or psychiatric
illness, drug or alcohol abuse, and normal or corrected-to-normal
vision were enrolled in the study. The experiment comprised
15 days of baseline data collection (BDC-15 through BDC-1),
60 days of —6 degrees HDBR (HDBR1 through HDBR60) and
15 days of recovery (R+0 through R+14). On the first day
of HDBR, the subjects were randomly allocated to one of two
groups. The participants of the treatment group (COCKTAIL-
TREAT, n = 10) received an antioxidant cocktail, consisting of

741 mg of a bioactive polyphenol compound mix (XXS-2A-
BR2 mix, Spiral Company, Dijon, France), 2.1 g omega-3 fatty
acids (Omacor, Pierre Fabre Laboratories, Toulouse France), and
138 mg vitamin E coupled with 80 pg of selenium (Solgar, Marne
la Vallée, France) during the bed rest phase. The control group
(COCKTAIL-CTRL, n = 10) did not receive any supplement
or other countermeasure. A comparison of demographic group
characteristics is displayed in Table 1. There were no significant
differences in any subject characteristics (all ps > 0.54).

Resting state eyes-closed EEG data were collected for 3 min
eight days prior to bed rest (BDC-8), on the seventh day of
HDBR (HDBR?7), on the 31st day of HDBR (HDBR31), on
the 60th day of HDBR (HDBR60), and on the eighth day of
the recovery period (R+7, the first day of recovery was R+0).
During baseline and recovery, EEG was recorded in seated
position. During HDBR data were collected in supine posture
at —6 degrees head-down tilt.

The experiment was registered with the Clinical Trial.gov
database under NCT03594799 and approved by the Comité
de Protection des Personnes (CPP Sud-Ouest Outre-Mer I),
the French Health Authorities (Agence Frangaise de Sécurité
Sanitaire des Produits de Santé), and the local Ethics Committee
at Charité - Universititsmedizin Berlin, Germany. The study
conformed to all standards and ethical principles for medical
research on human subjects set out in the Declaration of
Helsinki by the World Medical Association. All participants
were informed about the purpose, experimental procedures, and
risks before giving their verbal and written informed consent to
participate in the experiment.

Data Acquisition

The measurements from both experiments, i.e., RSL and
COCKTAIL, were performed in dimly lit and sound-attenuated
rooms in the morning between 8.30 am and 1.30 pm. EEG data
were acquired with a 32-channel amplifier (actiCHamp, Brain
Products GmbH, Germany). Electrodes were attached to an EEG
cap (actiCap, Brain Products GmbH, Germany) at positions Fp1,
Fp2, F7, F3, Oz, Fz, F4, F8, FT9, FC5, FC1, TP9, CP5, CP1, TP10,
CPe6, CP2, FT10, FCe6, FC2, FC3, C3, Cz, C4, T7, T8, P7, P3,
Pz, P4, P8, Ol, and O2, according to the International 10/20
System (Jasper, 1958). Signals were referenced to Fz. Electrode
impedance was checked for each subject before data collection
and maintained at less than 5 kQ. Eye movements and eye
blinks were monitored via tin electrooculogram (EOG) electrodes
(B18 Multitrodes, EASYCAP GmbH, Germany) placed above and
below the left eye as well as at the outer canthi of both eyes. EEG
and EOG signals were amplified by a multi-channel bio-signal
amplifier and A/D converted at 1000 Hz per channel with 24-
bit resolution. During the bed rest phase, i.e., when participants
were tested in a —6 degrees HDT posture, participants’ heads
were placed on a memory foam to minimize discomfort while
wearing the EEG cap.

Data Processing

All data were analyzed offline using EEGLAB (version 2019.1.0),
a toolbox embedded in Matlab (version R2015b, The MathWorks,
Inc., Natick, Massachusetts, United States). First, the EEG signals
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were filtered with a 0.5 to 65 Hz bandpass filter. Sinusoidal
artifacts (50 Hz line noise) were removed using the CleanLine
function (Mullen, 2012). Next, recordings were visually inspected
to allow for the interpolation of bad channels. Data from
electrodes with poor signal quality were replaced using spherical
spline interpolation. On average, less than 2% of the channels
had to be interpolated. After re-referencing to average reference,
data were segmented into 4096-ms-epochs with an overlap of
10% between consecutive segments. To exclude the possibility
that EEG modifications were due to eye movement artifacts or
other transient effects related to opening and closing of the eyes,
the first and last 5 s of each recording were excluded for the
successive analysis. EOG artifacts were removed using vertical
and horizontal EOG regression channels (Gémez-Herrero et al.,
2007). Muscle artifacts were removed using a spatial filtering
framework with defaults (De Clercq et al., 2006). After baseline
removal, an automated exclusion procedure was used, rejecting
epochs which exceed a gradient threshold of 100 pV, or a
maximum and minimum amplitude of £ 200 pV. On average,
89% of the epochs were accepted for further analysis.

Segmented data were analyzed by fast Fourier transform
spectral analysis with 0.244 Hz resolution and averaged over
all artifact-free epochs to calculate absolute (wV2/Hz) power
density. For each electrode, the absolute theta (0.5 to 4 Hz),
delta (4 to 7.5 Hz), alpha (7.5 to 12.5 Hz), and beta (12.5 to
35.0 Hz) power were exported as the mean of activity values
within each frequency band. In agreement with previous work
on resting state spectral power (Spironelli and Angrilli, 2017)
we clustered the electrodes into four regions of interest with
two spatial factors (laterality, region) consisting of two levels
each (left/right and anterior/posterior, respectively). Each region
comprised the averaged absolute spectral power of six electrodes
as follows: (anterior-left) Fp1, F3, FC5, FC1, F7, FT9; (anterior-
right) Fp2, F4, FC6, FC2, F8, FT10; (posterior-left) P3, P7, TP9,
01, CP1, CP5; (posterior-right) P4, P8, TP10, O2, CP6, CP2.

Next, we identified the neural sources of resting state
electrocortical activity using exact low-resolution brain
electromagnetic tomography (eLORETA) (Pascual-Marqui,
2007). eLORETA enables the spatial identification of cortical
activity by employing a discrete, three-dimensional distributed,
linear, weighted minimum norm inverse solution method
that allows for an exact localization to test point sources. We
used a three-dimensional head model based on the MNI152
template registered to the Talairach brain atlas and digitized at
the Montreal Neurologic Institute (MNI) brain imaging center
(Mazziotta et al., 2001). The solution space was limited to the
cortical gray matter, including 6239 voxels of 5 mm spatial
resolution. All artifact-free EEG epochs were used to calculate
the cortical current source density for each of our four frequency
bands. The transformed data, containing the corresponding 3D
cortical distribution of the electrical neuronal generators were
used for further statistical analysis.

We then used eLORETA to analyze the effects of bed rest on
source-based functional connectivity of electrocortical activity.
In line with previous research on EEG resting state functional
connectivity we selected 19 seeds from key regions of the default
mode network (DMN) and the fronto-parietal network (Thatcher

et al., 2014; Whitton et al.,, 2018). The MNI coordinates for
the seeds are provided in Supplementary Table 1. Given the
low spatial resolution of eLORETA (voxel dimension: 5 mm?),
single voxels that were closest to the seed point were defined
as the centroid of each region of interest (ROI). The use
of a single ROI voxel reduced the potential bias associated
with high correlations among neighboring voxels generated
because of the relatively low spatial resolution and inherent
smoothness of the eLORETA inverse solution. Connectivity
between pairs of all 19 ROIs was then defined as the lagged
phase synchronization between the intracortical EEG-source
estimates, which is expected to minimize artifacts related to
volume conduction and maximize physiological connectivity
information (Pascual-Marqui et al., 2011).

Statistical Analysis

To assess the effects of bed rest and the interventions on
EEG spectral power, we performed linear mixed models with
participants as random effects (random intercepts), and Time
(sessions before, during, and after HDBR), Group (intervention,
control), Laterality (left, right), Region (anterior, posterior), and
their interactions as fixed factors for each frequency band
(delta, theta, alpha, beta) and experiment (RSL, COCKTAIL).
Covariance matrices were determined by restricted maximum
likelihood (REML) estimation. P-values were obtained using
Satterthwaite’s approximation for denominator degrees of
freedom. To assess changes from baseline simple comparisons
were performed between the baseline recording before HDBR
and all subsequent time points using pre-planned contrasts
corrected for multiple comparisons (Hochberg, 1988). Effect sizes
were reported as Cohen’s d and 95% confidence intervals. The
level of significance was set at o = 0.05 (two-sided) for all testing.
All statistical analyses and graphical illustrations were carried out
using the software package R (version 3.5.1, R Core Team, 2018).
Mixed models were run using the packages Ime4 and ImerTest
(Bates et al., 2015). Estimated marginal means were calculated
using emmeans (Lenth, 2016). Figures were created using ggplot2
(Wickham, 2016).

The eLORETA software was used to assess changes in
the neural sources of electrocortical activity by performing
dependent t-tests for log-transformed estimated cortical
current density between baseline (before HDBR) and all
subsequent time points. Statistical significance was assessed
for all frequency bands using a non-parametric randomization
procedure with 5000 randomizations that determined the critical
probability threshold (f.ic) with corrections for multiple
testing (Nichols and Holmes, 2002).

To assess changes in EEG resting state functional connectivity
between the pairs of the nineteen ROIs in each frequency
band, eLORETA was used to perform dependent sample ¢-tests
comparing the connectivity values from baseline (before HDBR)
with all subsequent points in time. For each of these t-tests a total
of 684 tests were performed (171 ROI connections x 4 frequency
bands). A non-parametric randomization procedure with 5000
randomizations and corrections for multiple testing was used to
determine statistical significance (Nichols and Holmes, 2002).
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The level of significance was set at o = 0.05 (two-sided) for
all testing performed using the eLORETA software package.

RESULTS
EEG Spectral Power

The mean changes in EEG spectral power were very similar
between groups (RSL-TRAIN, RSL-CTRL, COCKTAIL-
TREAT, and COCKTAIL-CTRL) for all frequency domains
(Figure 1). The similarity across studies and intervention
and control groups was confirmed by mixed model analyses
(see Supplementary Tables 2, 3 for the RSL and COCKTAIL
experiment, respectively). There were neither significant main
effects for Group (all ps > 0.441) or Laterality (all ps > 0.125) nor
significant interactions between Group and Laterality, Time, or
Region (all ps > 0.075) for any frequency band and experiment.
Irrespective of the experiment and subgroup mean EEG
spectral power decreased after the onset of HDBR, remained
decreased during HDBR, and returned to baseline levels after the
cessation of HDBR. This pattern was quantified by significant
main effects for Time and Region, and a significant interaction
between Time and Region. These effects were observed for all
frequency bands except for delta power in the COCKTAIL study
(Time x Region: F434p = 0.10, p = 0.983). Figure 2 shows the
time courses of absolute EEG spectral power by Region (Anterior,

Posterior) within the theta, delta, alpha, and beta frequency band
for both experiments (RSL, COCKTAIL). Details on the effects
of Time by Region (Anterior, Posterior) for each frequency band
(theta, delta, alpha, beta) and experiment (RSL, COCKTAIL) are
provided in Supplementary Tables 4, 5. Briefly, contrasts (Time
by Region) revealed that all power indices significantly decreased
during the bed rest period at posterior sites, reaching a plateau
as early as at the first measurement during HDBR, i.e., 24 h
of bed rest for RSL and 7 days of bed rest for COCKTAIL.
A similar though less pronounced pattern was observed for the
anterior region. Spectral power significantly decreased during
HDBR within the delta, theta, and alpha frequency ranges for
RSL, and within the delta, theta, and beta frequency domain
for COCKTAIL. In both regions the reductions in EEG spectral
power returned to baseline after the cessation of bed rest.
Figure 3 displays the topographical distributions pooled for both
experiments (RSL and COCKTAIL). The topographical maps
indicate that the decrease in absolute power during HDBR was
related to a decrease in spectral power across all electrode sites
with larger reductions at posterior areas of the brain. Visual
inspection did not reveal any effect of Time between short-, mid-
and long-term HDBR. This was confirmed by a mixed model
ANOVA yielding no significant interaction of Time and Region
for any of the investigated frequency bands (all ps > 0.582 for
RSL; all ps > 0.615 for COCKTAIL) when including HDBR
data only. To account for inter-individual and intra-individual
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differences we z-transformed the absolute power values across
participants and testing days and re-analyzed the data set. The
analyses confirmed the previous findings. EEG spectral power
significantly decreased after the beginning of HDBR, remained
decreased during HDBR, and reached baseline levels after the
completion of bed rest (see Supplementary Figure 1).

eLORETA Source Localization

Table 2 summarizes the results for the analyses of the neural bases
of electrocortical activity in response to HDBR. In line with the
analyses performed on spectral power, we assessed changes in
cortical current density between testing days irrespective of the
subgroups (intervention and control) of each experiment.
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We found significantly lower cortical activations within
the alpha and beta frequency band on HDBR2, HDBR2S,
and HDBR56 compared to BDC-7 in the RSL experiment
(all ts > 4.48, all ps < 0.05). Likewise, we observed statistically
lower cortical activations within the alpha and beta frequency

ranges between BDC-8 and HDBR7, HDBR31, and HDBR60
in the COCKTAIL study (all ts > 4.50, all ps < 0.05). As
shown in Figure 4 the inhibition of electrocortical activity during
HDBR was localized in a broad cluster of voxels, including
but not limited to the bilateral precuneus, posterior cingulate
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TABLE 2 | Contrasts indicating differences in eLORETA cortical current density
between baseline (BDC-8 for COCKTAIL and BDC-7 for RSL) and all subsequent
points in time.*

Experiment Study teritical Alpha Beta
Day
tmax Xyz tmax Xyz
RSL HDBR2 448 -496 30-815 -5.83 15-6510
HDBR28 457 -577 20-6530 —7.96 -5-655
HDBR56 457 —4.70 45-4535 —-6.989 5-6015
R+10 455 3.84 —-15-10.-15 324 —45-6545
COCKTAIL  HDBR7 460 -6.18 45-3535 —7.54 20-7020
HDBR31  4.65 —6.41 45-535 8.1 10 —65 20
HDBR60  4.58 —5.04 55-535 —9.60 20-8020
R+7 467 422 —-40-50 —2.49 35150

*RSL, 60-day head-down tilt bed rest study investigating the effect of bed rest
with and without exercise as a countermeasure (n = 23, Experiment 1); COCKTAIL,
60-day head-down tilt bed rest study investigating the effect of bed rest with and
without antioxidant supplementation as a countermeasure (n = 20, Experiment 2);
HDBR, head down-tilt bed rest; R, recovery; tqiticar, Critical probability threshold of
non-parametric randomization test with 5000 randomizations corrected for multiple
comparisons; tmax, maximal t-statistic; x, y, z, MINI coordinates of peak voxel.

gyrus, and lingual gyrus. This effect was very similar in both
studies, frequency domains, and across time points. A list
of cortical regions showing significant effects is provided in
Supplementary Table 6.

Visual inspection also revealed reductions in cortical current
density during HDBR within the delta and theta domain, but
these effects did not reach statistical significance. We also did
not find any significant differences between data collected during
the baseline and recovery periods (fpa = 3.84, p = 0.163 for
RSL; tpax = 4.22, p = 0.099 for COCKTAIL) and between data
collected during the different HDBR testing sessions (all fs < 3.98,
all ps > 0.167).

eLORETA Functional Connectivity

The results of the functional connectivity analyses are
summarized in Supplementary Table 7. Briefly, we did not
observe any changes in functional connectivity between baseline
(before bed rest) and all subsequent time points for any of
the frequency bands and experiments (all ts < 3.86 and all
ps > 0.141). We also did not find a significant difference between
data collected during the HDBR sessions (all ts < 3.95 and all
ps > 0.148).

DISCUSSION

This study aimed to identify the time course of resting state
electrocortical activity in response to prolonged HDBR using
data from two 60-day bed rest studies conducted at two different
sites. Our data revealed a considerable and significant decrease
in EEG spectral power across all frequency bands during HDBR.
Likewise, we demonstrated significantly lower activity of the
neural sources of electrocortical activity within the alpha and
beta frequency domain over a wide range of brain regions. These
changes occurred immediately after the onset of HDBR, i.e.,
after 24 h of bed rest, and were completely uncoupled from

the duration of bed rest. Prolonged bed rest did not induce
any further changes in resting EEG spectral power or cortical
source distribution of resting state EEG. After the cessation
of HDBR electrocortical activity was not significantly different
from baseline levels recorded before HDBR. The time courses of
EEG spectral power and cortical source distribution were highly
comparable between the RSL and COCKTAIL study, and neither
exercise nor antioxidant supplementation as a countermeasure
affected this response.

Our results of the immediate effects of HDBR on EEG spectral
power are in line with various data previously published on
the acute effects of supine or HDT position on absolute power
and cortical source distribution of resting state EEG, reporting
decreases within high-frequency domains including alpha and
beta power (Schneider et al., 2008; Chang et al., 2011; Thibault
et al,, 2014; Spironelli and Angrilli, 2017). Based on MRI studies
accounting functional and structural brain changes in response
to prolonged bed rest (Rao et al, 2014; Zhou et al., 2014;
Roberts et al., 2015; Yuan et al, 2016; Friedl-Werner et al,
2020), we also expected alterations in resting state EEG after
30 days and 60 days of bedrest. In contrast to this hypothesis,
we could not demonstrate any changes in EEG spectral power
or EEG resting state functional connectivity with increasing
duration of HDBR. These findings suggest that the reductions in
electrocortical activity observed in our study can be attributed to
postural changes rather than the immobilization associated with
long-term bed rest.

Several mechanisms are likely to have contributed to the
effects of HDT on electrical scalp activity. HDT has been shown
to modulate brain hemodynamics by increasing cerebral blood
flow. Kawai et al. (2003) and Kurihara et al. (2003) reported
elevations in brain oxygenation and hemoglobin concentrations
in HDT position. The relationship between local neural activity
and changes in cerebral blood flow has been well established
(Shibasaki, 2008; Chiarelli et al., 2017). A number of studies
have shown that alterations in cerebral oxygenation are associated
with changes in electrocortical power (Pfurtscheller et al., 2012;
Lachert et al., 2017; Dravida et al., 2019; Lin et al., 2020). For
instance, Pfurtscheller et al. (2012) reported a coupling between
prefrontal oxyhemoglobin (HbO;) and central EEG alpha and
beta power. Further evidence comes from Lachert et al. (2017)
showing that increases in cortical HbO, concentration are related
to decreases in alpha and beta power during a motor task.
It is therefore possible that changes in brain hemodynamics
during HDT demonstrated by Kawai et al. (2003) and Kurihara
et al. (2003) are accompanied by a modulation of electrocortical
activity. Similar conclusions were also reached by Schneider
et al. (2008) who attributed decreases in alpha and beta power
during supine and —6 degrees HDT position to an increase in
brain oxygenation and hemoglobin saturation (Schneider et al.,
2008). These assumptions were questioned by Lipnicki (2009)
who proposed an alternative explanation associated with the
interaction between the brain and the autonomous control of the
cardiovascular system (Lipnicki, 2009). Postural changes induce
a cephalic fluid shift that leads to increases in thoracic blood
volume and hydrostatic pressure, stimulating cardiopulmonary
and arterial baroreceptors, which in turn reduce sympathetic
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system activation (Mohrman and Heller, 2018). There is ample
evidence that arterial baroreceptor stimulation inhibits cortical
activity (Rau et al., 1993). This effect seems to be mediated by
decreasing locus coeruleus activity and cortical noradrenaline
turnover (Murase et al., 1994; Berridge and Waterhouse, 2003),
which are key modulators of arousal and wakefulness. As noted
by Elam et al. (1984) postural changes from upright to supine
may dampen arousal via reduced locus coeruleus-noradrenergic
system activity in response to increased baroreceptor stimulation.

Another explanation for the global decrease in electrocortical
activity seen in the present study may be attributed to the HDT-
induced shift of the brain together with a change in cerebrospinal
fluid (CSF) layer thickness and a redistribution of CSF. Alperin
et al. (2005) investigated the acute effects of postural changes
from sitting upright to supine on CSF using CSF flow imaging
(Alperin et al., 2005). They observed that intracranial CSF volume
increases from sitting to supine position. Simulation studies
have shown that minute shifts in CSF concentration can have
considerable effects on EEG signals (Ramon et al., 2004; Wendel
et al.,, 2008; Akalin Acar and Makeig, 2013). CSF is up to ten
times more conductive than white or gray matter, and up to 100
times more conductive than bone (Ramon et al., 2006). Despite
CSF being highly conductive, it weakens the electric field and
current density in the scalp (Stenroos and Nummenmaa, 2016).
The role of CSF on electrocortical activity has also been illustrated
experimentally by measuring EEG in prone and supine position
(Rice et al., 2013). Rice et al. (2013) reported an inverse
relationship between CSF layer thickness and electrocortical
power. They attributed these changes to instant shifts in CSF
thickness associated with reallocations of the brain within the
skull as a result of the different head orientations. Results
from prolonged bed rest studies do not show indications for
an overall fluid increase within the intracranial compartment,
but rather a redistribution of existing CSF (Roberts et al,
2015; Koppelmans et al., 2017). This was shown by Roberts
et al. (2015) who observed an upward shifting of the center’s
brain mass concomitant with a posterior rotation of the brain
relative to the skull of less than 1 mm during HDBR. Such a
brain shift is considerably smaller than the electrode location
precision typically obtained for EEG recordings. The uncertainty
of electrode positions relative to the cortex can be expected to be
within several millimeters for highly trained operators. Notably,
even small variations in electrode positions can lead to significant
shifts in estimated source localizations. For instance, a change
in electrode position of 1 cm could lead to a shift of a single
dipole by more than 2 cm (Shirazi and Huang, 2019). However,
even considering such uncertainties, they would not contradict
the possibility that the upward brain shift and the reallocation of
CSF associated with HDBR could have caused the attenuation of
the EEG signal observed in the present study.

Our findings are also consistent with observations made
during acute exposure to microgravity, showing a global decrease
of electrocortical activity with the onset of weightlessness
(Schneider et al., 2008; Klein et al., 2019). In contrast, early studies
on EEG recordings during spaceflight reported no changes
(Maulsby, 1966) or increases in alpha, theta and beta power
(Frost et al., 1975, 1977). Cheron et al. (2006) used one-minute

resting state recordings alternating between eyes opened and eyes
closed every ten seconds to assess the impact of long-duration
spaceflight on event-related spectral perturbations. They reported
increases in alpha power during the arrest reaction in eyes-
closed state (Cheron et al., 2006) compared to pre-mission levels.
Recently, Cebolla et al. (2016) employed a normalized measure on
resting EEG data collected before administering a visuo-attention
task to investigate the effect of microgravity, and observed
decreases in alpha power desynchronization (Cebolla et al., 2016)
in relation to pre-mission. According to the authors the changes
observed during/after long-term space missions can be explained
by an increased demand for the integration and processing
of vestibular information due to the decreased gravitational
reference frame in space as well as by the reduction of support
related proprioceptive afferents. As bed rest is not a simulation
of microgravity but mimics some of the physiological responses
to weightlessness these data may not directly translate the data
of the present experiments. Additionally, the use of different
methodologies could account for the observed discrepancies.
Similar to a recent proposition for standardizing brain imaging
protocols for spaceflight (Roberts et al., 2020), normative data
on EEG recordings using a set of standardized procedures and
analyses could help elucidating the effects related to fluid and
brain shifts vs. possible structural and functional reorganization
of the brain during prolonged spaceflight and spaceflight analogs.

Although the study was highly controlled, our findings are
subject to a few limitations. First, EEG signals are prone
to physiological (e.g., ocular and muscle activity) and non-
physiological artifacts (e.g., electromagnetic interferences and
electrode artifacts) that may affect the reliability of the data
(Tandle et al., 2015). By using hardware equipped with active
noise cancellation and electrodes that amplify the signal directly
at the recording site (active circuits for impedance conversion
were integrated directly in the electrodes); standardizing the
data collection procedures; instructing participants not to move;
recording EOG data; and employing rigorous and robust
pre-processing pipelines including visual inspection, filtering,
and artifact rejection, we minimized the impact of noise
on EEG recordings. However, even under consideration of
excellent signal-to-noise ratios, cephalic fluid shifts associated
with postural changes (or changing gravity levels) raise caution
regarding the interpretability of EEG recordings in these
conditions. Specifically, the electric field and current flow in the
scalp are considerably attenuated by the CSF and the resistive
properties of the skull (Van Den Broek et al., 1998). We also
acknowledge that EEG lacks the spatial resolution for identifying
sub-cortical structures that could be critical for operational
performance during spaceflight. A mathematical approach for
representing current source density of EEG recordings in 3D
space is eLORETA, which we also employed in the current
study. Several studies have confirmed that eLORETA has zero
localization error in the presence of measurement and structured
biological noise (Dattola et al., 2020). It should be noted though
that eLORETA relies on a standard head model that does
not account for interindividual variability in brain size and
shape as well as tissue conductivity that can affect localization
accuracy. In addition, EEG measures of brain connectivity
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can be confounded by volume conduction effects (He et al,
2019). We tried to minimize these effects by employing source
localization-based connectivity measure. However, due to the
high correlation of adjacent voxels and the relatively low spatial
resolution and inherent smoothness of the eLORETA inverse
solution our findings should be interpreted with caution. Finally,
data were collected in —6 degrees HDT during the bed rest
phase. In contrast, participants were tested in seated position
during the baseline and recovery period, resulting in global
reductions of electrocortical power. It is therefore possible that
the filtering effects associated with postural changes have masked
underlying bed rest related alterations. Future studies should
therefore employ the same position on all measurement days to
discriminate the impact of bed rest from the effects of posture.

Taken together, our data show that HDBR reduces
electrocortical activity and its neural sources within a broad
range of brain regions. These changes occur as early as after
24 h of HDBR and can be expected to onset immediately
after bed rest commencement. The reductions in EEG spectral
power and cortical source distribution persist until returning
to an upright position again after the cessation of bed rest.
Considering previous studies using structural brain imaging
we attribute the alterations in EEG power to a brain shift and
redistribution of CSF in response to the postural change to
HDT. Our findings offer a plausible mechanism for EEG changes
observed during bed rest, and should be taken into consideration
in the presence of cephalic fluid shifts. Furthermore, prolonged
bed rest, i.e., increasing time in HDBR did not result in further
changes of EEG spectral power and cortical source distribution,
suggesting that immobilization and inactivity per se do not
affect resting state electrocortical activity during HDBR. These
findings raise some caution about the use of resting state EEG
recordings to identify the time course of changes in brain
function during prolonged HBDR. Future bed rest studies
employing EEG should consider the use of —6 degrees supine
position for all recordings, i.e., including the baseline and
recovery period, allow sufficient time to adapt to the postural
change minimizing the effects associated with fluid shifts, and
also acquire event-related task data or event-related spectral
perturbations to identify the effects of prolonged bed rest on
electrocortical changes and performance. Likewise, our findings
could also have important implications for EEG resting state
data collections performed during spaceflight or altered gravity
conditions. For instance, to determine the time course of resting
state EEG during spaceflight, early inflight recordings could
serve as a baseline for follow-up data collections. Future studies
may also be able to systematically validate the effects of brain
shifts and redistribution of CSF at varying levels of gravity on
resting EEG recordings, which could provide the basis to apply
normalization techniques to EEG recordings performed under
microgravity conditions. Collectively, such approaches could
help to disentangle the neurobehavioral impact of spaceflight
stressors from cephalic fluid and brain shifts, and reveal the
full potential of resting state EEG recordings during human
space exploration.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1: Seed coordinates used for functional connectivity analysis.”

Anatomical Structure MNI coordinates

X y z
Left posterior inferior parietal lobule -50 -70 30
Right posterior inferior parietal lobule 50 -70 30
Left anterior inferior parietal lobule -50 -50 45
Right anterior inferior parietal lobule 50 -50 45
Left hippocampal formation -20 -20 -20
Right hippocampal formation 20 -20 -20
Left superior parietal lobule -25 -50 60
Right superior parietal lobule 25 -50 60
Anterior cingulate cortex 5 30 25
Left anterior insula -30 20 5
Right anterior insula 30 20 5
Posterior cingulate cortex 0 -55 15
Left medial frontal cortex -35 55 5
Right medial frontal cortex 35 55 5
Left parahippocampal gyrus -25 -25 20
Right parahippocampal gyrus 25 -25 20
Precuneus 0 -75 45
Left middle temporal gyrus -65 -20 -10
Right middle temporal gyrus 65 -20 -10

“The eLORETA solution space was restricted to the cortical gray matter of a realistic head model
(MNI152), co-registered to the Talairach brain atlas and digitized at the Montreal Neurologic
Institute (MNI) brain imaging center. A single voxel that was closest to the seed point was
defined as the centroid of each region of interest (ROI).
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Supplementary Table 4. Contrasts examining the effect of 7ime on spectral power for the
RSL study (n = 23) using baseline as a reference level.”

Frequency Time

Band Region df t Peorr  Effect Size d (95% CI)
HDBR2 Anterior 399 -296 0.013 -1.23 (-2.12,-0.32)
HDBR2 Posterior 399 -427 <0.001 -1.78 (-2.75,-0.79)
HDBR28  Anterior 399 -3.38 0.003 -1.41 (-2.32, -0.48)

§ HDBR28  Posterior 399 -521 <0.001 -1.78 (-3.2, -1.11)
= HDBR56  Anterior 399 -3.8  0.001 -1.59 (-2.52, -0.62)
HDBRS56 Posterior 399 -5.46 <0.001 -2.28 (-3.33,-1.2)
R+10 Anterior 399 -1.16 0.981 0.49 (-1.31, 0.35)
R+10 Posterior 399 0.75 1 0.31 (-0.52, 1.13)
HDBR2 Anterior 399 -2.64 0.034 -1.1 (-1.97,-0.21)
HDBR2 Posterior 399 -4.64 <0.001 -1.94 (-2.92, -0.92)
HDBR28  Anterior 399 -3.75 0.001 -1.56 (-2.49, -0.61)
£ HDBR28 Posterior 399 -6.68 <0.001 -2.79 (-3.94, -1.6)
8 HDBR56  Anterior 399 -5.03 <0.001  -2.1(-3.12,-1.05)
HDBRS56 Posterior 399 -6.35 <0.001 -2.65 (-3.77, -1.49)
R+10 Anterior 399 -2.33  0.081 -0.97 (-1.83, -0.09)
R+10 Posterior 399 -0.72 1 -0.3 (-1.12, 0.52)
HDBR2 Anterior 399 -2.67 0.032 -1.11 (-1.98, -0.22)
HDBR2 Posterior 399 -4.44 <0.001 -1.85 (-2.82, -0.85)
« HDBR28  Anterior 399 -3.55 0.002 -1.48 (-2.4, -0.54)
< HDBR28 Posterior 399 -6.38 <0.001 -2.66 (-3.79, -1.5)
= HDBR56  Anterior 399 -3.59 0.002 -1.5 (-2.41, -0.55)
HDBR56  Posterior 399 -6.34 <0.001 -2.64 (-3.77, -1.49)
R+10 Anterior 399 0.00 1 0 (-0.82,0.82)
R+10 Posterior 399 1.89 0.236 0.79 (-0.07, 1.63)
HDBR2 Anterior 399 -1.56 0.482 -0.65 (-1.48,0.2)
HDBR2 Posterior 399 -5.22 <0.001 -2.18 (-3.21, -1.11)
HDBR28  Anterior 399 -2.24  0.103 -0.93 (-1.79, -0.06)
g HDBR28  Posterior 399 -7.28 <0.001 -2.04 (-4.24,-1.79)
=) HDBR56  Anterior 399 -2.57  0.042 -1.07 (-1.94, -0.18)
HDBR56  Posterior 399 -6.88 <0.001 -2.87 (-4.04, -1.66)
R+10 Anterior 399 0.99 1 0.41 (-0.42, 1,24)
R+10 Posterior 399 3.88 <0.001 1.62 (0.65, 2.55)

"Data show effects of Time (HDBR2, HDBR28, HDBR56, R+10) by Region (Anterior,
Posterior) using baseline (BDC-7) as a reference. df, degrees of freedom; pcor, p-value
corrected for multiple comparisons using the Bonferroni correction for each main effect
(theta, delta, alpha, and beta power); Effect Size is Cohen’s d; 95% CI, 95% confidence
interval.



Supplementary Table 5. Contrasts examining the effect of 7ime on spectral power for the
COCKTAIL study (n = 20) using baseline as a reference level.”

Frequency .. . Region df t peorr  Effect Size d (95% CI)

Band
HDBR7  Anterior 342 -445 <0.001 -1.86 (-2.83, -0.85)
HDBR7  Posterior 342 -9.82 <0.001 -4.09 (-5.55, -2.6)
HDBR31 Anterior 342 -431 <0.001 -1.80 (-2.76, -0.8)
§ HDBR31 Posterior 342 -9.26 <0.001 -3.86 (-5.27,-2.43)
= HDBR60  Anterior 342 -428 <0.001 -1.79 (-2.75, -0.79)
HDBR60  Posterior 342 -9.00 <0.001 -3.75 (-5.13, -2.35)
R+7 Anterior 342 0.51 1 0.21 (-0.61, 1.03)
R+7 Posterior 342 0.50 1 0.21 (-0.61, 1.03)
HDBR7  Anterior 342 -3.11  0.008 -1.30 (-2.19, -0.38)
HDBR7  Posterior 342 -3.81 0.001 -1.59 (-2.52, -0.63)
HDBR31 Anterior 342 -3.73  0.001 -1.56 (-2.49, -0.6)
g HDBR31 Posterior 342 -446 <0.001 -1.86 (-2.84, -0.86)
8 HDBR60  Anterior 342 -3.81  0.009 -1.28 (-2.17, -0.36)
HDBR60 Posterior 342 -3.56  0.002 -1.48 (-2.40, -0.54)
R+7 Anterior 342 3.14 0.007 1.31(0.39,2.2)
R+7 Posterior 342 2091 0.015 1.21 (0.31, 2.10)
HDBR7  Anterior 342 -2.85 0.019 -1.19 (-2.07, -0.28)
HDBR7  Posterior 342 =522 <0.001 -2.18 (-3.21, -1.11)
o HDBR31 Anterior 342 -2.13  0.135 -0.89 (-1.74, -0.02)
< HDBR31 Posterior 342 -4.14 <0.001 -1.73 (-2.68, -0.74)
< HDBR60  Anterior 342 -2.07  0.157 -0.86 (-1.71, -0.01)
HDBR60  Posterior 342 -3.39  0.003 -1.41 (-2.32,-0.48)
R+7 Anterior 342 0.76 1 0.32 (-0.51, 1.13)
R+7 Posterior 342 2.17 0.124 0.9 (0.03, 1.76)
HDBR7  Anterior 342 -4.58 <0.001 -1.91 (-2.89, -0.89)
HDBR7  Posterior 342 -8.79 <0.001 -3.67 (-5.02, -2.28)
HDBR31 Anterior 342 -4.11 <0.001 -1.71 (-2.67, -0.73)
§ HDBR31 Posterior 342 -848 <0.001 -3.54 (-4.86, -2.18)
-] HDBR60  Anterior 342 -3.55  0.002 -1.48 (-2.4, -0.54)
HDBR60  Posterior 342 -7.06 <0.001 -2.95 (-4.13,-1.72)
R+7 Anterior 342 -0.04 1 -0.01 (-0.83, 0.8)
R+7 Posterior 342 -1.26  0.835 -0.53 (-1.35,0.31)

"Data show effects of Time (HDBR7, HDBR31, HDBR60, R+7) by Region (Anterior,
Posterior) using baseline (BDC-8) as a reference. df, degrees of freedom; pcor, p-value
corrected for multiple comparisons using the Bonferroni correction for each main effect
(theta, delta, alpha, and beta power); Effect Size is Cohen’s d; 95% CI, 95% confidence
interval.
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Supplementary Table 7. Contrasts examining the effect of 7ime on eLORETA resting state
functional connectivity for the RSL (n = 23) and COCKTAIL (n = 20) experiment.”

Experiment Contrast Leritical Tmax p
HDBR?2 vs BDC-7 421 386  0.142
HDBR28 vs BDC-7 423 320  0.597
B HDBRS56 vs BDC-7 419 341 0414
z R+10 vs BDC-7 426 288  0.872
HDBR28 vs HDBR2 423 3.16  0.668
HDBRS56 vs HDBR2 421 3.07  0.756
HDBR56 vs HDBR28 421 264  0.989
HDBR7 vs BDC-8 449 377 0281
= HDBR31 vs BDC-8 442 381 0224
< HDBR60 vs BDC-8 437 314  0.757
> R+7 vs BDC-8 442 316  0.738
8 HDBR31 vs HDBR7 432 395  0.149
o HDBR60vs HDBR7 438 385  0.199
HDBR60 vs HDBR31 431 333  0.533

*Connectivity was defined as the lagged phase synchronization between the intracortical
EEG-source estimates of the regions of interest. #.iica;, critical probability threshold of non-
parametric randomization test with 5000 randomizations corrected for multiple comparisons;
tmax, maximal t-statistic; pcor:, p-value.
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Supplementary Figure 1. Impact of long-duration head-down tilt bed rest on normalized
electrocortical activity for the RSL study (n = 23, blue circle), and the COCKTAIL study (N
= 20, black square). Time courses show changes of EEG spectral power after z-transforming
across study participants and testing days for anterior and posterior sites, within the (A) theta,
(B) delta, (C) alpha, and (D) beta frequency. Data are presented for each time point as
estimated marginal means and standard errors. Significant levels with respect to baseline are
indicated by asterisks. BDC-10 to BDC-1 refers to baseline data collection. HDBRI,
HDBR30, and HDBR60 indicate first, 30", and 60" day of HDBR. R+0 to R+10 correspond
to the first and 11% day after HDBR. For RSL data were collected at BDC-7, HDBR2,
HDBR28, HDBR56, and R+10. For COCKTAIL data were collected at BDC-8, HDBR7,
HDBR30, HDBR60, and R+7. *p <0.05, **p < 0.01, and ***p <0.001 compared to
baseline.
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Electrocortical Evidence for
Impaired Affective Picture
Processing after Long-Term
Immobilization

Katharina Brauns?, Anika Werner®?-?, Hanns-Christian Gunga(®?, Martina A. Maggioni®-3,
David F. Dinges* & Alexander Stahn®%**

The neurobehavioral risks associated with spaceflight are not well understood. In particular, little
attention has been paid on the role of resilience, social processes and emotion regulation during long-
duration spaceflight. Bed rest is a well-established spaceflight analogue that combines the adaptations
associated with physical inactivity and semi-isolation and confinement. We here investigated the
effects of 30 days of 6 degrees head-down tilt bed rest on affective picture processing using event-
related potentials (ERP) in healthy men. Compared to a control group, bed rest participants showed
significantly decreased P300 and LPP amplitudes to pleasant and unpleasant stimuli, especially in
centroparietal regions, after 30 days of bed rest. Source localization revealed a bilateral lower activity
in the posterior cingulate gyrus, insula and precuneus in the bed rest group in both ERP time frames for
emotional, but not neutral stimuli.

Affective processing and emotion regulation are fundamental to human behaviour. They facilitate decision mak-
ing, have significant influences on learning and memory and provide the motivation for critical action in the face
of environmental incentives. The management of positive and negative emotions also directly relates to indi-
vidual sociability and social interactions. Any emotional alteration may interfere with cognitive performance,
impair mental well-being and lead to various forms of psychopathology, especially in the context of a stressful
environment'. When living and working in an isolated, confined and hostile environment like deep space for
prolonged durations, astronauts are exposed to numerous stressors including social isolation, confinement and
weightlessness. Currently, the neurobehavioral risks associated with these stressors are not fully understood. In
particular, the role of resilience, social processes and emotion regulation during long-duration spaceflight has
received little attention so far. Head-down tilt bedrest (HDT) is a well-established model to simulate physical
deconditioning and cephalic fluid shifts during standard space missions on the International Space Station (ISS)>.
Bed rest also comprises a degree of sensory deprivation, isolation, and confinement®. Previous studies suggest that
long-duration bed rest increases the risk for mood disorders*, and impairs emotion recognition processing during
a Flanker task®. According to the authors’ knowledge no study has investigated the effects of long-duration bed
rest on the neural correlates of emotional processing. The current study aimed to address this gap by investigating
the effects of 30 days of -6 degrees HDT bed rest on cortical emotional modulation using event-related brain
potentials from a standardized and well-established paradigm®. We hypothesized that long-term bed rest would
lead to a cortical inhibition of affective processes as indicated by reduced event-related potentials.

1Charité — Universitatsmedizin Berlin, a corporate member of Freie Universitat Berlin, Humboldt-Universitat zu
Berlin, and Berlin Institute of Health, Institute of Physiology, Charitéplatz 1, CharitéCrossOver, Virchowweg 6,
10117, Berlin, Germany. 2Université de Normandie, INSERM U 1075 COMETE, Caen, 14032, France. 3Department of
Biomedical Sciences for Health, Universita degli Studi di Milano, via Colombo 71, 20133, Milan, Italy. “Department
of Psychiatry, Perelman School of Medicine, University of Pennsylvania, 1016 Blockley Hall, 423 Guardian Drive,
Philadelphia, PA, 19004, USA. *email: astahn@pennmedicine.upenn.edu
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Group Stimulus Valence Rating | Arousal Rating
pleasant 7.6 (0.6) 5.7(1.2)

CTRL neutral 4.6 (0.9) 2.4(1.2)
unpleasant 2.6 (0.5) 5.7 (1.0)
pleasant 7.6 (0.9) 5.7 (1.6)

HDBR neutral 5.2(0.8) 2.2(1.2)
unpleasant 2.6(0.7) 5.7 (2.2)

Table 1. Subjective ratings for pleasant, neutral and unpleasant IAPS pictures in CTRL and HDBR group. Note:
Subjective ratings are based on 9-point Likert scales, ranging from very unpleasant/not arousing at all to very
pleasant/very arousing. Data are means and standard deviations.

Results

Emotional self-reports. Table 1 illustrates the self-reported evaluations of each picture category for
the control (CTRL) group tested before bed rest, and the intervention group tested after 30 days of head-down
tilt bed rest (HDBR). The ratings for all three picture categories were consistent with IAPS normative data®,
confirming the validity of the paradigm in the present experimental setup. In both groups, positive pictures were
rated as more arousing and got greater scores for valence than neutral ones (Table 1). Additionally, unpleasant
slides received a lower scoring than neutral pictures for valence and were evaluated as more arousing (Table 1).
This was confirmed by mixed model analyses, showing a significant main effect of stimulus condition on arousal
(F(2,36) =76.78, p < 0.001) and valence (F(2,36) = 309.20, p < 0.001).

However, statistical analyses neither revealed a significant stimulus x group interaction, nor a significant group
effect for valence (F(2,36) = 0.05, p =0.948 and F(1,18) =0.02, p=0.879, respectively) or arousal (F(2,36)=0.10,
p=0.909 and F(1,18) =0.08, p =0.928, respectively). Planned contrasts revealed similar ratings for valence and
arousal for all picture categories between groups (all ps >0.728).

Electrophysiological data. Figure 1A depicts the grand average ERP waveforms for CTRL and HDBR
subjects in frontal and parietal regions, respectively. While neutral pictures elicited similar responses in CTRL
and HDBR participants, the ERP waveforms of emotional stimuli were inhibited in the HDBR group compared to
the CTRL group. As shown in Table 2, the mixed ANOVA analysis of mean P300 amplitude revealed a significant
interaction of group and stimulus in the frontal (p =0.002) and parietal sites (p =0.002). Mean LPP amplitude
showed a significant effect of group in frontal (p =0.048) and parietal sites (p =0.026) and a significant effect of
stimulus in parietal site (p < 0.001). Simple comparisons are shown in Table S1 and Table S2 that can be found in
the Supplementary Information.

Planned contrasts (Table S1) confirmed that emotional pictures induced enhanced electrocortical responses
in CTRL compared to HDBR participants in both regions and time frames (all ps < 0.029) except for the frontal
LPP which was not significant between groups for positive pictures (p =0.074). For the neutral stimuli, no differ-
ences in LPP and P300 amplitudes between groups were observed (all ps > 0.314). The ERP difference topography
between emotional and neutral stimuli for both components and both groups is illustrated in Fig. 1B. While
CTRL participants showed enhanced P300 and LPP amplitudes for emotional stimuli relative to neutral pictures,
there was no visible difference in the HDBR group. A follow-up analysis using pre-planned contrasts (Table S2)
revealed that positive and negative stimuli evoked significantly increased P300 components compared to neutral
stimuli in the CTRL (all ps < 0.003), but not the HDBR group (all ps > 0.414). We also observed significant differ-
ences between LPP components induced by positive stimuli and neutral stimuli in both regions (all ps < 0.037)
and a significantly smaller LPP amplitude in the frontal area induced by negative pictures compared to neutral
pictures (p <0.001) in CTRL participants only.

eLORETA data. For the averaged LPP evoked by positive pictures, a significantly lower cortical activation
for HDBR compared to CTRL participants was found in the right insula (BA 13, p < 0.05, Fig. 2). The P300
comparison between CTRL and HDBR group revealed statistically lower cortical activations in the bilateral pre-
cuneus and the bilateral cingulate gyrus (BA 31/7, p < 0.05, Fig. 2). Moreover, analysis of P300 and LPP showed
a decrease in cortical activity at the same locations (BA 31/7; all ps < 0.05, Fig. 2) when processing negative pic-
tures, as compared to CTRL group. No significant differences were found comparing CTRL and HDBR group for
mean P300 and LPP amplitudes evoked by neutral stimuli (see F_, in Table 3).

Discussion

The present study investigated the effects of 30 days of immobilization on affective picture processing in
young healthy men. To evaluate the impact of long-term bed rest on emotional processing we employed a
well-established ERP paradigm using standardized affective stimuli. Our main findings include an inhibition of
P300 and LPP components for emotional stimuli, but not neutral pictures in HDBR participants when compared
to a sex- and age-matched control group. This inhibition was found to be localized in the precuneus, cingulate
gyrus, and insula.

The CTRL group exhibited larger P300 and LPP components when viewing pleasant and unpleasant pic-
tures as compared to neutral slides. This result is well in line with previous research investigating affective pic-
ture processing in young healthy adults”®. Larger evoked potentials are thought to reflect increased attention
towards biologically relevant emotional stimuli®. Particularly, the P300 has been hypothesized to be an index of
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Figure 1. Event-related potential (ERP) results. (A) Grand average ERP waveforms at selected electrode
clusters (frontal: F3, F4; parietal: P3, P4, Pz) for positive. (n =25), negative (n =25) and neutral (n =25) stimuli
in a control group (CTRL, n=10) and a bed rest group (HDBR, n=10). (B) Topographical maps depicting
mean voltage differences between positive and neutral, and between negative and neutral stimuli averaged for
the CTRL group and HDBR group for each ERP component (i.e., P300, and LPP).

initial memory storage and attention'’, whereas the LPP is supposed to be a cortical correlate that is associated
with encoding and memory processes''. Additionally, emotional stimuli are better perceived, encoded, consoli-
dated and retrieved than neutral stimuli'?. In contrast, we did not observe the expected difference between brain
potentials in HDBR participants, immobilized for 30 days in -6 degrees head-down tilt position. We found that
long-term immobilization resulted in emotional blunting as evidenced by reduced LPP and P300 amplitudes in
response to affective images, i.e., pleasant and unpleasant stimuli elicited a similar flattened response as neutral
ones. The emotional blunting indicates dysfunctional modulations in the processing of emotional information.
A source localization revealed a cortical inhibition of distinct brain regions. Specifically, long-term bed rest
was found to be associated with a lower activation within the right insula, the bilateral precuneus, and the bilateral
posterior cingulate gyrus (PCG) when processing pleasant and unpleasant stimuli. Electrophysiological record-
ings and neuroimaging have supported key positions of the amygdala, cingulate gyrus and insula in response
to emotional stimuli'®. Moreover, past studies reported a similar role in emotional information processing for
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Factor [ P300 LLP

Frontal electrode cluster

Group F(1,18)=2.84 F(1,18) =4.50*
Stimulus F(2,36)=10.12%%* F(2,36)=1.33
Group x _ . _
Stimulus F(2,36)=7.22 F(2,36)=3.03

Parietal electrode cluster

Group F(1,18)=11.16%* F(1,18)=5.86%
Stimulus F(2,36)=3.72* F(2,36) =16.48%%**
Group x _ . _
Stimulus F(2,36)=7.65 F(2,36)=2.21

Table 2. Mixed-model analyses assessing the effects of group (HDBR, CTRL) and stimuli (negative, postive,
neutral) on P300 and LLP components. *p < 0.05. **p < 0.01. **¥p < 0.0001.
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Figure 2. Statistical parametric maps (SPMs) indicating the differences in brain source localization

between control (CTRL, n = 10) and head-down-tiltbed rest group (HDBR, n = 10). Data for positive and
negative stimuli are shown on the left and right panels, respectively. Results for the P300 and LPP components
are provided in the upper and lower panels, respectively. Blue colours indicate decreased activity in the HDBR
compared to the CTRL group. The color scale indicates F-values for group differences of brain activity. L left, R
right, A anterior, P posterior, PCG posterior cingulate gyrus, BA Brodmann area.

PCG and precuneus due to their structural and functional similarities'. There is current evidence, that PCG

and precuneus are activated during the evaluation of emotional words'®, the retrieval of emotional memories'®
and the processing of self-relevant affect!”. The insula, however, plays an important role in pain processing!

8
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Positive | Neutral | Negative
Fopiiea fOr p<0.05 1.85 1.71 1.78
P300 | Foyeq for p<0.01 2.05 1.91 1.97
Statistical Threshold | —2.48 —1.53 —2.02
Fopyiea for p<0.05 1.24 131 1.23
LPP Foica for p < 0.01 1.37 1.51 1.39
Frae —~1.28 —0.88 —1.32

Table 3. Loreta critical thresholds (F_;.,) and maximal F-statistics (F,,,) for ERP components and each
stimulus type.

and, additionally, has been shown to be instrumental in the detection, interpretation, and regulation of internal
bodily states'?, therefore serving as a critical bridge between affective and cognitive processes. Moreover, precu-
neus, PCG and insula are reciprocally connected to areas involved in emotional processing such as the anterior
cingulate and the orbital frontal cortices, as well as the amygdala®*?!. Considering these findings, it is reasonable
that PCG, precuneus and insula carry emotion-specific information. Interestingly, Zou and colleagues recently
showed that 45 days of bed rest altered the resting-state functional architecture of a similar region including the
insula and cingulate cortex and hypothesized that these effects might influence the processing of salient infor-
mation??. These data support the vulnerability of these structures to the detrimental neurocognitive effects of
prolonged immobilization.

Notably, the self-evaluation of valence and arousal did not differentiate our two groups. The absence of any
differences indicates that physiological data may be more objective than behavioural measures as they do not
underlie cognitive-social control and are therefore less sensitive to experimental manipulations. Participants pos-
sibly tend to respond to self-evaluation in a stereotyped fashion. In line with this, Messerotti and colleagues have
shown that acute HDT can suppress cortical emotional responses®, without affecting behavioural responses. They
attribute the electrocortical changes to an altered body position. Recent research performed by the same group
has demonstrated that these postural effects on electrocortical activity are immediately observed after changing
from sitting to the supine position*. To account for postural effects in the present experiment, both groups were
tested in the same position, i.e., at -6 degrees HDT, providing sufficient time to account for the cephalic fluid
shifts*®. We therefore assume that the present findings are explained by mechanisms other than acute postural
effects.

HDT leads to alterations in brain hemodynamics including an increase in cerebral blood flow (CBF),
intracranial pressure, and oxygenated haemoglobin?®, which are hypothesized to trigger cortical inhibition?.
Additionally, HDT is associated with a cephalic fluid shift leading to increases in thoracic blood volume and
hydrostatic pressure, stimulating cardiopulmonary and arterial baroreceptors® These cardiovascular dynamics
have been shown to affect cortical activation. Arterial baroreceptors can inhibit cortical activity*® by decreasing
locus coeruleus activity and cortical noradrenaline turnover®. Likewise, the blunted responses in HDBR sub-
jects might also be explained by neuroendocrine changes associated with bed rest. Several neurotransmitters
are known to be decreased by inactivity including serotonin and norepinephrine®. The monoaminergic system
which includes norepinephrine and serotonin is well-known for its critical role in controlling human behaviour?!
and in several psychiatric disorders such as depression®?, anxiety*?, and behavioural disturbances among people
with dementia®. A change in monoamine concentrations associated with long-duration immobilization®® could
therefore also contribute to the changes in visual affective processing observed in the present study. Future studies
should therefore also combine behavioural, brain functional, cardiovascular and neuroendocrine measures that
will allow to better understand such mechanisms. We also acknowledge that we chose a between-subjects design
to exclude any learning effects. Direct between-subject comparisons can be biased by various factors associated
with the heterogeneity of the two groups. However, all participants underwent intensive psychological and med-
ical screening for their inclusion in the bed rest study, and they were carefully matched and randomly assigned
to one of the two groups. Resting state EEG measured eight days before the intervention, confirmed that EEG
spectral power did not differ between the two groups. However, future studies are certainly needed to verify these
findings using a within-subjects design in a larger cohort.

Taken together, our data show that head-down tilt bed rest can have adverse neurobehavioral effects associ-
ated with negative and positive valence. Impaired affective picture processing following prolonged bed rest was
evidenced by a reduction in LPP and P300 in specific brain areas including the insula, precuneus and cingulate
gyrus. These results highlight the pervasive effects of physical inactivity that go beyond cardiovascular and mus-
culoskeletal deconditioning. They could have important implications for situations, in which physical activity
levels are markedly limited such as during long-duration spaceflight, the aging population, in bed-confinement
during hospitalized based care, and people with sedentary lifestyles. Future research needs to elucidate the mech-
anisms underlying the effects of physical inactivity, examine inter- and intraindividual vulnerabilities relative to
emotional regulation, and identify the interaction of physical inactivity and other stressors.

Methods

The present experiment was part of a European Space Agency (ESA) sponsored bed rest study performed at
the facilities of the French Institute for Space Medicine and Physiology (MEDES), Toulouse, France in 2017.
The project has been registered in the Clinical Trial.gov database under NCT03594799. It comprised 15 days of
baseline data collection, 60 days of -6 degrees HDT bed rest and 15 days of recovery. It was conducted following
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the Declaration of Helsinki for Medical Research Involving Human Subjects and approved by the Comité de
Protection des Personnes (CPP Sud-Ouest Outre-Mer I), the French Health Authorities (Agence Francaise de
Sécurité Sanitaire des Produits de Santé) and the Ethics Committee at Charité-Universititsmedizin Berlin. All
participants were informed about the purpose, experimental procedures, and risks before giving their verbal and
written informed consent.

Participants. Data was collected from 20 young healthy male participants (mean age = 34 years, SD = 8;
mean height =176 cm, SD = 4.7; mean weight =74.0kg, SD =7.1; n=17 right-handed). Handedness was
assessed using the Edinburgh Handedness Inventory*. Sample sizes were based on previous bed rest studies, sug-
gesting neurobehavioral effects for bed rest**. We also performed sensitivity analyses for our main outcome, i.e.,
the comparison of ERP between the bed rest (HDBR) and the control (CTRL) group. For a two-sided independ-
ent t-test, a level of significance of 0.05, and a power of 80%, a significant difference corresponding to a Cohen’s
d of 1.32 should be detectable. This effect is much larger than in a previously reported study using the identical
paradigm to assess the acute effects of head-down tilt bed rest?*. We were therefore confident that the current
sample size would be sufficient to reveal a significant between-subjects effect for our primary outcome. All volun-
teers had no personal history of neurological or psychiatric illness, drug or alcohol abuse, or current medication,
and they had a normal or corrected-to-normal vision. The subjects were randomly assigned to one of two groups
in a counterbalanced fashion. One of the group served as a control (CTRL: mean age = 34 years, SD = 7; mean
height =176 cm, SD = 3.5; mean weight =73.1kg, SD = 5.4) and was tested 8 days prior to bed rest in a -6 degrees
HDT position after an adaptational period of 30 minutes of rest. The experimental group (HDBR: mean age: 34
years, SD = 8; mean height =176 cm, SD = 5.6; mean weight =74.9kg, SD =6.5) was tested after 30 days of (-6
degrees HDT) immobilization. Study cohorts did not differ in age and anthropometric factors (all ps > 0.740).
Moreover, spectral power analysis of resting state EEG data collected eight days before bed rest revealed no signif-
icant difference between groups (data not shown, p =0.420).

Stimuli.  Seventy-five standardized stimuli were selected from the TAPS dataset® including unpleasant (n =25,
e.g., scenes of violence, threat and injuries), pleasant (n =25, e.g., sporting events, erotic scenes) and neutral
pictures (n =25, e.g., household objects, landscapes) and presented in a random order. The normative valence
ratings (mean (SD)) for each picture category were 7.55 (0.40), 4.99 (0.26), and 3.00 (0.81), and the normative
arousal levels (mean (SD)) for each stimulus type were 6.31 (1.10), 2.63 (0.52) and 5.19 (0.61) for positive, neutral
and negative images, respectively. The catalogue numbers of pictures from the IAPS dataset used in this study can
be found in Supplementary Information.

Procedure. Subjects were positioned in -6 degrees HDT in a dimly lit sound-attenuated room. Testing was
performed using a desktop computer (PCGH-Supreme-PC, Alternate), with a 21.5-in monitor (Iliyama ProLite,
1 ms response time, 55-75 Hz refresh rate, luminance 250 cd/m2) installed approximately 60 cm apart from the
participant. Before each trial, a central fixation cross appeared for 500 ms. Pictures were displayed on the screen
for 2000 ms. After each picture presentation participants were asked to rate the arousal and valence of their
emotional perception using two independent 9-point self-assessment Likert scales (SAM) that ranged from
very unpleasant/not arousing at all to very pleasant/very arousing®. The rating was performed using a computer
mouse without any time constraints. The accuracy was emphasized to ensure response reliability and maximal
attention from the subjects to their feelings.

EEG recording. The electrocortical activity was continuously recorded and synchronized with the stimuli
using an active electrode 32-channel amplifier (actiCHamp, Brain Products GmbH, Germany). Picture presenta-
tion and timing were controlled through the use of Presentation software version 18.1 (Neurobehavioral Systems,
Inc., USA). Electrodes were attached to an EEG cap (actiCap, Brain Products GmbH, Germany) and placed at
positions Fp1, F3, FT9, FC5, FC1, T7, TP9, CP5, CP1, P7, P8, TP10, CP6, CP2, T8, FT10, FC6, FC2, Fp2, F7, F8,
F3, F4, Fz, C3, C4, Cz, P3, P4, Pz, O1 and O2 in accordance with the International 10-20 System. Signals were
referenced to Fz. Electrode impedance was checked for each subject before data collection and maintained at
less than 5 kQ. Eye movements and eye blinks were monitored via tin electrooculogram (EOG) electrodes (B18
Multitrodes, EASYCAP GmbH, Germany) placed above and below the left eye as well as at the outer canthi of
both eyes. EEG and EOG signals were amplified by a multi-channel bio-signal amplifier and A/D converted at
1000 Hz per channel with 24-bit resolution.

EEG data processing. The data were analysed offline employing EEGLAB 14.0.0%, a toolbox embedded in
Matlab R2015b (The MathWorks, Inc., Natick, Massachusetts, United States). First, data were filtered using a 0.1
to 40 Hz band pass filter. Then, recordings were visually inspected allowing also an interpolation of bad channels.
After re-referencing to average reference, EEG data were epoched to the respective stimulus presentation including
200 ms of pre-stimulus baseline and 800 ms of stimulus-dependent data. EOG artefacts were removed using vertical
and horizontal EOG regression channels®. Muscle artefacts were removed using a spatial filtering framework with
defaults®. After baseline removal, ERPlab 6.1.3*! was used to run an additional automated exclusion procedure,
rejecting epochs which exceed a gradient threshold of 50 1V, or a maximum and minimum amplitude of + 100 pV. A
total of 2.1% of the trials were excluded in the CTRL group, while 1.1% of the trials had to be excluded for the HDBR
group. Average ERPs were computed separately for each subject and each condition. Further, the waveforms were
transformed into topographic maps of the ERP potential distributions. The LPP was measured as the average voltage
0f 400 to 700 ms following picture onset. The P300 was measured as the average voltage of 280 to 350 ms after stimu-
lus presentation. Mean P300 and LPP amplitude was averaged for F3 and F4 as well as P3, P4 and Pz to assess frontal
and parietal activity, respectively. A digital 12 Hz low-pass filter was applied offline for plotting grand-averaged
waveforms while electrophysiological activity using original filter settings was used for all statistical analyses.
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Time-dependent cortical localization of EEG activity. Source analysis was performed by exact
low-resolution brain electromagnetic tomography (eLORETA, http://www.uzh.ch/keyinst/loreta.htm), enabling
the spatial identification of the cortical activity. The eLORETA software employs a discrete, three-dimensional
distributed, linear, weighted minimum norm inverse solution method. The particular weights used in eELORETA
allow for an exact localization to test point sources and provide better localization of highly correlated point
sources with low signal to noise ratio data**. Three-dimensional solution space is restricted to cortical gray mat-
ter, as determined by the probabilistic Talairach Atlas. The brain compartment includes 6239 voxels with 5mm
spatial resolution. Anatomical labels, i.e., Brodmann areas (BA) are reported using MNI space, with correction
to Talairach space.

In order to receive the 3D cortical distribution of the electrical neuronal generators, the electrode positions
were applied to a probabilistic anatomical template of the Talairach Atlas. The Talairach coordinates were used
to compute the eLORETA transformation matrix. The eLORETA files were obtained, using the transformation
matrix and the ERP data of each subject for each stimuli type. The transformed eLORETA files, containing the
corresponding 3D cortical distribution of the electrical neuronal generators, were used for further statistical
analysis.

Statistical analysis. Differences in the temporal dynamics of ERP maps. Descriptive statistics are reported
as means and standard deviations (SD). To test for differences in self-reported evaluations of emotional valence
and arousal we performed two-factorial mixed linear models. Subjects were entered as random factors and
group (CTRL, HDBR) and stimulus type (positive, neutral, negative) were included as fixed factors, respectively.
Further, a mixed-model design was employed to compare the ERP components between groups (CTRL, HDBR)
and stimulus type (positive, negative, neutral). Separate mixed model ANOVAs were run for each combination of
region (frontal, parietal) and ERP component (P300, LPP). Stimulus type and group were entered as fixed factors
and subjects as random effects. Simple comparisons for each condition were performed using pre-planned con-
trasts with corrections for multiple comparisons®. Effect sizes were reported as Cohen’s d. Confidence intervals of
effect sizes were bootstrapped using 2000 resamples**. All statistical analyses were carried out using the software
package R version 3.5.1%°. Mixed models were run using the packages Ime4*® and ImerTest2*". The level of signif-
icance was set at = 0.05 (two-sided) for all testing.

Time-dependent localization of significant differences in temporal dynamics. Independent sampled F-tests were
used to test for differences in estimated cortical current density between CTRL and HDBR in all emotional con-
ditions and both time frames. Statistical significance was assessed using a non-parametric randomization test
with 5000 randomizations that determined the critical probability threshold (Fy..;) with corrections for multiple
testing?®. As a result, each voxel was assigned a F-value. Voxel-by-voxel F-values are displayed as statistical para-
metric maps (SPMs).

Data availability
The datasets that support the findings of the current study are available from the corresponding author on
reasonable request.
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Supplementary Information
Supplementary Study Materials
Study stimuli

The following pictures from the International Affective Picture System, listed by catalog number,
were used in the current study: negative - 1114, 1205, 1110, 3064, 3140, 3168, 3250, 3261, 9140, 9265,
9301, 9419, 9420, 9433, 9520, 9592, 9800, 9925, 9926, 9561, 9341, 9342, 9340, 3230, 9584; neutral - 2235,
7057, 5390, 5731, 5740, 7002, 7004, 7006, 7009, 7010, 7056, 7025, 7041, 7050, 7052, 7053, 7055, 7059, 7060,
7080, 7090, 7150, 7175, 7233, 7235; positive - 1440, 8185, 1460, 5629, 1710, 1722, 1750, 2071, 8260, 2311,
8185, 4002, 4006, 4141, 4142, 4180, 4225, 4232, 4250, 4255, 4652, 4659, 4694, 4695.
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Supplemental Results

Supplemental Study Table

Table S1. Contrasts comparing ERPs for negative, neutral and positive

stimuli between control (CTRL) and bed rest (HDBR) groups.”

ERP Stimulus df ¢ P d [95%CI]
negative 30 2.52  0.017 -1.15[-1.98,-0.31]
P300 frontal neutral 30 -045 0.659 0.30[-0.65, 1.37]
positive 30 229 0.029 -0.81[-1.70,-0.06]
negative 30 -3.81 <0.001 1.56[0.69, 2.22]
P300 parietal neutral 30 -1.03 0314 0.78[-0.11, 1.63]
positive 30 -3.93 <0.001 1.45[0.75, 2.04]
negative 39 290 0.006 -1.25[-1.09,0.73]
LPP frontal  neutral 39 033 0.745 -0.25[-0.65, 1.37]
positive 39 1.83 0.074 -0.65[-1.69, 0.35]
negative 44 -2.37 0.022  0.98[0.13, 1.96]
LPP parietal  neutral 44 -0.44 0.659  0.21[-0.83,1.01]
positive 44 -2.65 0.011 1.21[-0.10, 2.19]

*df, degrees of freedom; d, effect size (Cohen’s d) and 95%

confidence intervals (CI). Cls are bootstrapped using 2000 resamples.
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Supplemental Study Table

Table S2. Contrasts comparing ERPs between stimuli conditions (negative vs. neutral and

positive vs. neutral) in control (CTRL) and bed rest (HDBR) groups.”

ERP Group Stimulus df t ) d [95% CI]
negative - neutral 36 -5.52 <0.001 -1.76[-2.76,-1.02]
CTRL
positive - neutral 36 3.17 0.003 -0.71[-1.39,-0.06]
P300 frontal
negative - neutral 36 -0.69 0497  -0.21[-0.86, 0.54]
HDBR
positive - neutral 36 1.29 0414  0.48[-0.35,1.26]
negative - neutral 36 425 <0.001 1.19 [0.58, 1.75]
CTRL
positive - neutral 36 3.62 <0.001 0.82[0.19,1.43]
P300 parietal
negative - neutral 36 -043 0.669 -0.12[-0.82,0.56]
HDBR
positive - neutral 36 -1.27 0424  -0.48[-1.17,0.18]
negative - neutral 36 -2.36  0.037 -0.88[-1.53,-0.19]
CTRL
positive - neutral 36 -2.17  0.037 -0.65[-1.48,-0.06]
LPP frontal
negative - neutral 36 1.11 0.552 0.45[-0.26, 1.36]
HDBR
positive - neutral 36 -0.14  0.891  -0.04 [-0.74, 0.69]
negative - neutral 36 .22 0.230 0.42 [-0.26, 1.23]
CTRL
positive - neutral 36 4.89 <0.001 1.88 [0.62, 3.98]
LPP parietal
negative - neutral 36 -1.16  0.252 -0.30[0.62, 3.98]
HDBR
positive - neutral 36 217  0.074  0.57[-0.02, 1.15]

"df, degrees of freedom; d, effect size (Cohen’s d) and 95% confidence intervals (CI).
CIs are bootstrapped using 2000 resamples.
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