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Transient gray matter decline during
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exercise, and cognition
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Astronauts face significant stress in space, and understanding its neurobiological basis is key to
assessing risk and resilience. Analogue environments, like the Antarctic Concordia Station, replicate
isolated, confined, and extreme (ICE) conditions. This study assessed brain structure changes in 25
crewmembers who spent 12 months at Concordia, with MRI scans conducted before, immediately
after, and five months post-mission. The study included 25 controls scanned over a similar interval and
4 “flying phantom” individuals who were scanned at all sites. Gray matter in the temporal and parietal
lobes, hippocampus, pallidum, and thalamus as well as global white matter decreased during the
mission in crewmembers, with all but the thalamus returning to baseline after five months. Brain
ventricle volume increased, and better sleep correlated with less brain volume loss, highlighting its
potentially protective role. These findings emphasize the importance of understanding mechanisms

driving brain changes, particularly with growing interest in extended space missions in ICE

environments.

Stress is a ubiquitous experience for humans with both positive and negative
health consequences. When stress is long lasting, unexpected or extreme
there can be deleterious effects on health and functioning'~. Chronic stress
strains both physiological and cognitive systems, which can degrade their
functioning over time. While there is a wealth of knowledge about the
impact of acute stressors on the human body and brain, determining the
effects of extreme chronic stress is challenging due to ethical limitations on
experimental manipulations. Thus, utilizing distinctive groups of partici-
pants who are exposed to chronic stressors can help elucidate the physio-
logical and cognitive effects of enduring prolonged stress and shed light
upon aspects of resilience to help identify potential countermeasures. Space

exploration exposes astronauts to multiple environmental and psycholo-
gical stressors, which can adversely affect astronaut health and cognitive
performance if prolonged’, thereby potentially jeopardizing mission suc-
cess. Understanding changes in biomarkers associated with risk or resilience
under stressors is critical to sustaining mission success. Brain structure is
particularly vulnerable to physical and psychological stressors’’. Indeed,
recent Magnetic Resonance Imaging (MRI) studies of astronauts’ brains
post-flight have revealed transient structural changes relative to pre-flight
baseline measurements'' suggesting that aspects of spaceflight affect brain
structure. Brain changes include an upward shift of the brain';
ventricular'*", cerebrospinal fluid (CSF)"*'*'® and gray matter volume
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changes'*"; alterations of brain white matter'’; and increases in periven-
tricular white matter hyperintensities'. Many of these changes are likely
associated with effects of microgravity''; however, the extended exposure to
an isolated, confined, and extreme (ICE) environment, which amplifies
psychological stress, may further contribute to neuroanatomical changes.

As it takes a long time to study large numbers of astronauts before and
after space missions, international space agencies support research in ICE
analogues, such as Antarctic research stations, which share key features of
exploration spaceflight like confinement, isolation, and threat-to-life".
High-fidelity space analog environments provide an opportunity to better
understand the biological basis of stressors that affect astronauts. Individuals
that spend the winter in Antarctica (i.e., ‘winter-over’) experience measur-
able physiological changes, including dyspnea, hypoxia, headaches, hypo-
capnia, reduced immune response, disrupted sleep, and altered circadian
thythms”. Psychological effects include depressed mood, irritability,
insomnia, and cognitive impairment’". The only study of structural brain
changes following a 14-month Antarctic winter-over indicates that sig-
nificant brain changes occur, specifically in the frontal and temporal lobes
and within subregions of the hippocampus, and they are associated with
poorer cognition and lower levels of brain derived neurotrophic factor
(BDNF?), suggesting a stress-induced physiological mechanism of action™.
However, this study was small (N = 8) and the post-winter-over MRI was
performed several weeks after the return from Antarctica, at which point
some structural brain changes may have resolved.

ICE environments result in detrimental physiological changes and thus
there is significant interest in helpful countermeasures that may increase
resilience to these physiological changes. For example, over-wintering in
Antarctic research stations results in decreased slow wave sleep, total sleep
time and sleep efficiency and increased sleep fragmentation and lighter sleep
stages” culminating in a general worsening of sleep. These sleep dis-
turbances likely affect performance, yet the specific neural mechanisms of
sleep disruption are unclear and may be attributable to environmental
stress” . Regular exercise is beneficial for sleep” and cognitive
performance™ and could therefore help reduce some of the negative effects
of spending prolonged times in ICE environments. In fact, exercise is often
used as a countermeasure to mitigate some of the effects of space travel in
astronauts™. Altogether, the relationship between sleep, exercise and brain
health in ICE is complex, appears to be rather heterogeneous and in need of
better elucidation™.

The primary objective of this study was to investigate neuroanatomical
brain changes, as measured using MRI, in two crews that completed winter-
over missions in the Antarctic Concordia Station. Crewmembers under-
went MRI before departure to Antarctica (Pre), immediately upon returning
from Antarctica (Postl) and on average five-months after returning (Post2).
Exercise, sleep, and cognitive performance were monitored during the
winter-over. We hypothesized that crewmembers would experience a subtle
decline in gray matter brain volume, as suggested by previous spaceflight"
and analogue studies'” after extended time in an ICE environment, but the
reductions in gray matter brain volume would resolve post-mission.
Moreover, based on extant findings of the utility of exercise” and sleep™ as
potential countermeasures of isolation, we hypothesized that more vigorous
activity and better sleep would be associated with smaller changes in gray
matter brain volume. Finally, we hypothesized that a decline in cognitive
performance during the winter-over would be associated with a decline in
gray matter brain volume based on previous report of the effects of ICE
environments on cognitive performance’".

Results

Longitudinal brain changes after ICE

Cortical gray matter volume in the parietal [F(2, 40) =25.54, p <0.001;
N, = 0.40] and temporal [F(2, 40) = 10.87, p < 0.001; 1,> = 0.35; Fig. 1A-C]
lobe changed significantly over the ICE mission. There were no changes in
frontal or occipital gray matter volume. Parietal [t(40)=6.19, p<0.01;
N, = 0.48] and temporal [t(40) = 4.66, p < 0.01;11,> = 0.35] lobe gray matter
volume decreased from baseline (Pre) to post-mission (Post1), but returned

to baseline levels by five months post mission (Post2; Fig. 1B). Subcortical
gray matter volume in the hippocampus [F(2, 40)=28.52, p<0.001,
Ny’ =0.57], pallidum [F(2, 40) = 13.55, p < 0.001, n),> = 0.40], and thalamus
[F(2, 40) = 47.29, p < 0.001, n,” = 0.70; Fig. 2A-C] changed over the ICE
mission. There were no changes in gray matter volume in the accumbens,
amygdala, caudate or putamen. Post-hoc analyses indicated hippocampus
[t(40)=728, p<001; n,>=056], pallidum [t(40)=3.06, p<0.01;
Ny’ =0.19] and thalamus [t(40) =9.63, p <0.01; n,’=0.70] gray matter
volume decreased from baseline (Pre) to post-ICE mission (Postl). Hip-
pocampus and pallidum volumes returned to baseline levels after five
months (Post2); however thalamus [t(40) = 3.36, p < 0.01; np2 =0.43] gray
matter volume remained significantly smaller than baseline at Post2 (Fig. 2B
& C; Supplemental Table 1). Individual trajectories over time are shown in
Supplemental Fig. 1.

Notably, volume of the Lateral [F(2,40)=17.32, p=3.78x10"%
N’ =0.46], 3rd [F(2,40) = 21.28, p = 5.07x107 ;n,’ = 0.52] and 4™ ventricle
[F(2,40) = 10.78, p = 1.7x1°* > = 0.35] also changed significantly over the
ICE mission (Fig. 2A & C, B & D; Supplemental Table 1). Volume of the CSF
did not change. In the Lateral ventricle, post-hoc comparisons indicated that
there was a significant volume increase from baseline to immediate post ICE
mission (Post1), [t(40) = —5.24,p < 0.01, r]P2 =0.49] and remained higher at
Post2 when compared to baseline, [t(40) =—5.03, p<0.01, r]pz =0.38].
Volume of the 3rd ventricle increased from baseline to Postl,
[t(40) = —6.52, p<0.01, npz =0.52] and remained elevated at Post2 as
compared to baseline, [t(40) = —3.06, p=0.01, r]p2 =0.19]. Finally, volume
of the 4th Ventricle increased from baseline to Postl, [t(40)= —4.38,
P <0.01,n,” =0.32] but returned to baseline levels by Post 2 (Supplemental
Table 1). Finally, cerebral white matter volume [F(2,40)=15.47,
p=1.05x10"% n,* = 0.44] also changed significantly over the ICE mission
(Fig. 2D). Post-hoc comparisons indicated that there was a significant white
matter volume decrease from baseline to immediate post ICE mission
(Postl), [t(40) = 3.87 p<0.01, r]p2 = 1.13] that returned to baseline levels at
Post2. Prior to analysis with longitudinal Freesurfer, raw intracranial
volume was compared by site for crewmembers. There were no differences
in raw ICV over time [F(2,64) = 0.35, p = 0.70]. In addition, there were no
differences in Euler values across time points [F(2,62)=0.89, p=0.41;
Supplemental Fig. 2]. As indicated on the box plot there were two potential
outliers. Removal of these data points did not change the pattern of results.

Several sensitivity analyses were completed to assess the validity of
above results (see Supplemental Note 1). Data quality was high and did not
differ by site (Supplemental Fig. 2). There were no time of day effects on gray
matter volume (Supplemental Note 2; Supplemental Fig. 3) and age-trends
were equivalent by site (Supplemental Fig. 4). Distribution of MRI volumes
in the crew were largely symmetric and approximately normal across sex
(Supplemental Fig. 5) and site (Supplemental Fig. 6) after implementing the
longitudinal pipeline of Freesurfer and normalizing brain volume by the
Flying Phantoms. Limiting analyses to only crew who completed baseline at
Cologne did not change the results (Supplemental Figs. 7 & 8). Notably,
unadjusted gray matter brain volume did not differ at baseline between crew
and controls (Supplemental Fig. 9) nor were there any significant changes in
brain volume in the control sample at Postl or Post2 relative to baseline
(Supplemental Figs. 10 & 11). In controls, lateral and 3rd ventricular
volumes significantly changed over time (Supplemental Figs. 12 & 13).
Volume in both ventricles remained similar between Pre and Postl, but
declined by Post2 relative to Pre. Thus, ventricular volume changes in
controls show the opposite pattern of change than those observed in crew.

Volumetric brain changes and exercise, sleep and cognition

In exploratory correlation analyses between pre-post winter-over brain
volume changes and behavioral outcomes, we examined consistency in
addition to the strength of effects (Fig. 3A). These associations were limited
to cortical and subcortical regions showing significant change over time. We
acknowledge that there are many correlations in the present analysis, and
with the present sample size none of the reported correlations survive
stringent multiple comparison correction (Supplemental Note 3).
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Fig. 1 | Crewmembers show a transient decrease in gray matter volume in some
cortical brain regions after a winter-over at the Concordia station. Gray matter
brain volume was lower in the temporal and parietal lobes immediately after winter-
over (Postl; A) as compared to baseline but returned to baseline levels five months
after return from Antarctica (Post2; B). Trajectory of change for each cortical gray
matter volume is shown in C. Error bars reflect 95% confidence intervals. All gray

matter volumes are normalized to flying phantoms who were scanned at each site.
Sensitivity analyses, individual trajectories and analyses for control subjects who did
not winter-over are shown in the Supplement Note 1. Significance values are
represented as **p < 0.01; ***p < 0.001. All p-values shown are Bonferroni cor-
rected. Images were created using ggseg””.

Nonetheless, we briefly highlight notable trends between brain change and
mean behavioral and cognitive performance during winter-over.

Better sleep was consistently associated with gray matter volume pre-
servation in the temporal lobe, parietal lobe, and hippocampus, suggesting a
protective effect of sleep against volume loss: time in bed, night sleep, total
sleep time and sleep efficiency during the winter-over were correlated with
smaller decreases in brain volume in the crew. The level of general waking
activity (i.e., sedentary, light, moderate, or vigorous) showed no clear pattern
with brain volume changes. However, gym use with presumably the highest
levels of physical exertion was consistently associated with brain volume
preservation. Survey responses indicating “better” outcomes or responses
were in general related with more cortical and subcortical brain volume loss
in the temporal lobe, hippocampus and pallidum, but the opposite was true
in the parietal lobe and thalamus. Finally, the exploratory associations
between gray matter volume change and cognitive performance indicated
that higher speed and accuracy on the PVT, ERT, AM, NBCK, and MP were
consistently associated with volume loss across cortical and subcortical
regions, whereas LOT accuracy and speed were associated with volume
preservation. No clear patterns emerged for BART, DSST, MRT, and VOLT.

Discussion

Using longitudinal high-resolution structural MRI in crewmembers who
wintered over in Antarctica, we found that extended exposure to an ICE
environment resulted in reduced gray matter brain volume. The observed
reduction in gray matter volume was diffuse, but most pronounced in the
temporal and parietal cortices, hippocampus, pallidum and thalamus.
Importantly, brain volume in all regions, except the thalamus, returned to
baseline levels five months after return from Antarctica. Gray matter volume
reductions were accompanied by a nominal increase in CSF and a significant
increase in lateral, 3rd and 4th ventricular volume; with lateral, 3rd ven-
tricular volume remaining elevated at five months follow-up. In exploratory
correlational analyses, better sleep—in both total time and efficiency—was
associated with less pronounced reductions in gray matter volume as were
some aspects of physical activity, including gym use. Brain-behavior asso-
ciations indicated that a greater reduction in brain volume was puzzlingly
associated with better performance across several cognitive domains.
Altogether the current data provides evidence for transient anatomical brain
alterations during prolonged ICE exposure and indicates that most of these
gray matter changes return to baseline levels 5 months after returning from
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Fig. 2 | Crewmembers show a decrease in gray matter volume in several sub-
cortical brain regions and increase in ventricular volume after a winter-over at
the Concordia station. Gray matter brain volume was lower in Hippocampus,
Pallidum and Thalamus immediately after winter-over (Postl, A and C) as com-
pared to baseline. Hippocampus and Pallidum volumes returned to baseline levels
five months after return from Antarctica (B, D), but Thalamus volume remained
lower. Volume of the Lateral, 3rd and 4th Ventricles all increased after winter-over
(A), (C). Volume of the Lateral and 3rd ventricles remained elevated five months
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after return from Antarctica (B, D). All volumes are normalized to flying phantoms
who were scanned at each site. Sensitivity analyses, individual trajectories and
analyses for control subjects who did not winter-over are shown in the Supplemental
Note 1. Note: Total cerebral white matter volume also decreased from Pre to Post1,
but is not highlighted in red. Significance values are represented as *p < 0.05,

**¥p < 0.01; ¥**p < 0.001. All p-values shown are Bonferroni corrected. Error bars in
C and D reflect 95% confidence intervals. Images were created using ggseg®.

Antarctica and may be associated with patterns of sleep, wake activity levels,
and cognitive performance.

A transient reduction in gray matter volume during ICE exposure
could be due to a myriad of factors. It is possible that gray matter volume
change is a direct product of a long-term stress response to the ICE envir-
onment. The neuronal response to stress is complex and dynamic, com-
prising a range of molecular changes that are coordinated at several levels to
monitor function and determine an optimal response to threatening
challenges™. The stress response may help bring the brain and body back to
homeostasis, thus shielding individuals from acute alterations and main-
taining their ability to function™. Thus, the stress response during an
extended winter-over mission may be crucial for an individual’s adaptation
to this new environment and may trigger physiological changes in the brain
to optimize an individual’s experience. Brain anatomy studies of extended
stays in ICE environments are rare’>, and challenge our ideas on the
adaptive nature of the brain. Nonetheless, the present findings of ICE-
associated gray matter volume reduction in our sample align with a recent

investigation of anatomical volume changes in eight Antarctic explorers™.
Stahn et al.?, found lower brain volume in two regions of the frontal cortex
and focal changes in the hippocampus and parahippocampus after
14 months in another Antarctic station (Neumayer). Moreover, volume
reductions in the hippocampus were associated with lower levels of BDNF
and lowered performance on tasks requiring spatial abilities, selective
attention and resolution of response conflicts, which specifically target the
hippocampus®*. We found volumetric reductions in several structures,
including the hippocampus, after 12 months in a similar environment in a
sample three times larger. Notably, Stahn et al.** used high resolution T1-
and T2-weighted MRI scans to segment the hippocampus while the present
data was limited to only T1 weighted images. But, unlike Stahn et al.”’, we did
not find gray matter reductions in the frontal cortex, although we did not
specifically analyze the dorsolateral or orbitofrontal cortex. It is possible that
finer grain parcellations may show convergent results and future studies in
larger samples can better elucidate focal cortical changes. Nonetheless, we
replicate the transient changes in the hippocampus and show that it had
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Fig. 3 | Effect size (Pearson’s r) between change
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robust associations with levels of sleep. Importantly, the reported gray
matter changes within the hippocampus were transient as volume was fully
recovered five-months post-mission. This was the case for most regions
except the thalamus, which remained at lower volume 5 months after the
winter-over.

The thalamus is a key relay station in the brain, serving as a central hub
that receives incoming sensory information and then directs it to the
appropriate cortical areas for further processing”. Beyond its role in sensory
integration, it also helps regulate states of arousal, attention, and con-
sciousness by interacting closely with various cortical and subcortical
regions”. Chronic stress’, stress-related disorders” and microgravity'”*
have been associated with structural and functional changes in the thalamus.
In general, our findings suggest that spending a significant time in an ICE
environment may contribute to subtle decreases in thalamic size or changes
in its internal structure. Over time, such changes could potentially influence
how information is relayed and integrated, which may have downstream
effects on cognition, mood, and emotional regulation.

We also found a transient decrease in a global measurement of cerebral
white matter, which aligns with one previous diffusion weighted MRI study
in participants of the MARS500 project™. Other spaceflight analogues (e.g.
head-down tilt best rest) report limited white matter changes" that differ
from spaceflight-associated white matter changes'”*”. Importantly, diffusion
MRI provides much higher resolution of cerebral white matter than the
global measure used in the current study and has been implement in
astronauts'**’. While preliminary the present findings indicate that ICE
environments also have measurable effects on brain white matter
microstructure.

Finally, we also found a concomitant increase in the volume of the
lateral and 3rd ventricles in crew suggesting possible volumetric redis-
tribution to the fluid compartments of the brain. This redistrubtion may be
attritutable to several aspects of the ICE enviroment including relative
deprivation, monotony or the hypoxic environment at the Concordia sta-
tion. Previous work has found that monotonous sensory stimulation,
boredom, as well as isolation and confinement, are severe stressors that can
lead to a variety of negative outcomes***; however, the extent to which this
type of deprivation results in brain changes, and changes in cognitive per-
formance remains unclear. Spaceflight” and prolonged hypoxia® are
known to alter fluid dynamics in the ventricles of the brain likely due to
compensatory mechanisms and there is significant interindividual varia-
bility in this response®. In spaceflight there is a reduced capability for CSF
resorption which increases pressure on the gray matter leading to volume
reduction, which would not have been a contributor to changes in vetricular
volume in the present study. But, it is possible that redistribution between
brain compartments in the ICE environment may be associated with the
hypoxic environment at Concordia station; however these changes were
smaller than those seen in astronauts. As such additional studies need to
better elucidate those changes reported here since they are likely of different
origin than what has been reported in spaceflight. It is also possible that age-
related changes” in brain volume could explain some of the present find-
ings, but the crews that wintered-over were relatively young. Changes in
nutrition*® and hydration status*’ can also affect brain volume, but these
were not measured as part of the present study, so the potential impact of
these physiological changes remains unknown. Nonetheless, monitoring
brain structure after long-duration missions seems informative and could be
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of critical importance when considering exposure of humans to long
duration ICE environments.

Sleep duration and efficiency were associated with brain volume
conservation, especially for the temporal cortex and hippocampus. Both
adequate sleep duration and quality are of paramount importance for
daytime neurobehavioral function™. Recent studies have shown that
glymphatic spaces open up during sleep and contribute to clearance of
metabolic products, some of which have been implicated in the genesis of
neurodegenerative disease (e.g, p-amyloid and tau-protein)’. Animal
models show that chronic sleep loss is associated with cell death of select
populations of neurons, and that the likelihood of irreversible degeneration
increases with the duration and severity of sleep loss”. Notably, short term
sleep deprivation is associated with thalamic gray matter volume decline in
men” and smaller hippocampal volume in patients with chronic sleep
disturbance™. That daytime sleep was the only investigated sleep variable
associated with cortical gray matter volume loss may be explained by the
possibility that those sleeping during the day likely tried to make up sleep
loss during the night (nighttime and daytime sleep were negatively corre-
lated with r =-0.74). If replicated in future studies, these findings stress the
importance for the brain of sufficient sleep in environments that are stres-
sing the brain in other ways (e.g., isolation, confinement, threat-to-life,
hypoxia). The observation that ISS astronauts regularly sleep less than the
recommended 7-8h per day is of potential concern considering our
findings™™".

We used wrist-actigraphy to objectively assess sleep-wake cycles and
wake activity levels. A unique proximity feature of these actigraphs provided
us with information on where and for how long a crewmember spent their
time, including the gym. Our data suggest that gym use was most con-
sistently associated with less gray matter volume loss. These findings reflect
the typically observed beneficial effects of exercise on brain health™”, as
more gym time was associated with less gray matter volume change. Clearly
one of the goals of performing research at Concordia station, which is
situated at an altitude of 3200 m with an air pressure of ~645 hPa, is to
determine if certain countermeasures are effective in a chronic hypobaric
and hypoxic environment. The present findings suggest that spending more
time in the gym, where presumably higher intensity level activity occurs,
results in protective effects on the brain. However, specific exercises were not
tracked while crewmembers were in the gym. Overall, this association
suggests that certain levels of activity likely need to be achieved in hypoxic
environments for beneficial effects to the brain and that future counter-
measure studies should carefully consider the environmental conditions
experienced in analogues. Indeed, exercise with the Advanced Resistive
Exercise Device (ARED), elevated CO, levels and a cephalad fluid shift have
all been implicated in the development of the Spaceflight- Associated Neuro-
Ocular Syndrome (SANS)®.

The associations between volume change and cognitive performance
change generally showed an unexpected and puzzling effect where less
reduction in brain volume was associated with poorer performance levels in
several cognitive domains, but these effects were generally small. Typically,
larger volume and more preservation of brain volume is associated with
better cognitive performance”. We speculate that conserving neural
resources through brain volume reduction is adaptive for maintaining
optimal levels of performance during extended periods of stress. Additional
work is needed to confirm and interpret this hypothesis.

The current study has several limitations. First, the physical and
psychological effects of ICE environments are likely heterogeneous and
non-specific, thus individual differences likely contribute to risk and
resiliency under these conditions. Hence, changes in brain anatomy could
be a consequence of many factors in an ICE environment. Longitudinal
MRI studies of individuals in Antarctica are challenging but we measured
brain volume in crewmembers immediately upon return from the winter-
over, thereby improving the likelihood of capturing ICE-related brain
changes. Moreover, we collected data from human phantoms at each
study site and implemented rigorous methods to overcome site effects
before study implementation by matching the MRI acquisition protocols.

Yet, practicalities of implementing the study design resulted in substantial
confounds between MRI scanner and time point and controls could only
be scanned at one location, thus creating additional limitations. Future
endeavors can address these limitations by acquiring data on the same
scanner across all time points or implementing portable low-field
scanning” in the Antarctic. By design these studies include small sam-
ple sizes due to the physical limitations of the Antarctic stations, therefore
our correlative analyses are exploratory in nature. None of these asso-
ciations survive multiple comparison corrections. Another limitation is
that we limited our main examination to gray matter volume data. We
included a coarse measure of white matter volume, which also showed a
transient change in crewmembers, but, white matter parcellation of T1-
weighted images is not ideal for precise parcellation of white matter
bundles. Hence, we considered these finding to be rather preliminary and
suggest that more refined measures (e.g., diffusion MRI) of brain white
matter be assessed in ICE. ICE environment examined here could also
affect brain structural and functional connectivity, as well as blood oxy-
genation level dependent response to activation by cognitive tasks. Such
measures were obtained in this study but are beyond the scope of this
manuscript. Our anatomical findings will nonetheless help guide analyses
of the connectivity and functional data. Finally, our sample was of mostly
healthy young adults, which included few women, who volunteered to
endure the stressful environment. They likely underestimate the effects of
harsh environments on populations who did not volunteer to be exposed
to it and are not young and healthy. Additional methodological limita-
tions include the lack of availability of laboratory (e.g., blood work) values
for crew participants and a lack of detailed stressful life event information
for control subjects during the study period. These data should be inter-
preted with caution and it should be emphasized that associations
reported in this study do not necessarily represent cause and effect.

In conclusion, life in space and on Earth entails exposure to and
requires resilience to stress. Elucidating the effects of prolonged stress in
extreme conditions highlights significant, but transient brain changes
relevant for optimal physiological and cognitive functioning. Recent interest
in extended space exploration, where individuals will be subjected to
extreme isolation and confinement, compels elucidating mechanisms
contributing to transient and chronic changes in brain anatomy. The cur-
rent data and future studies in ICE environments, including space travel,
reemphasize the need to identify specific countermeasures that may mitigate
changes in brain anatomy when individuals are isolated. Moreover, the
relevance of the current findings has broadened with the increase in isola-
tion in the general population® . Our findings may be informative to the
population at large, many of whom have suffered chronic stress over the
past years.

Methods

Concordia station as an ICE environment

The French/Italian Concordia station is located at Dome C on the Antarctic
Plateau at 75° 06’ S, 123° 23’ E at an altitude of 3200 m (4000 m equator
equivalent). Concordia is 685 miles inland from Dumont d’Urville (French
coastal station) and 750 miles inland from Mario Zucchelli Station at Terra
Nova Bay (Italian coastal station). This area is one of the most hostile places
on Earth. Air pressure averages 645 hPa (i.e., chronic hypobaric hypoxia).
Access to and rescue from Concordia station is limited to the austral
summer (November to February) due to extreme weather conditions
(average temperature -76°F in winter, very low humidity, very little pre-
cipitation). The landscape is flat and barren.

The sun does not rise for several weeks during the Antarctic winter.
Concordia station consists of two buildings and a container housing the
generators. One building is designated as the “calm building”, which houses
laboratories, private quarters, a hospital, a radio room, and a weather station.
The other building is designated as the “noisy building”, which houses
workshops and technical offices, storage shelves, a gym, a video room,
kitchen and restaurant, and a meeting/common room. Each crewmember
has his/her own private quarters.
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Participants

Two separate crews wintered over at Concordia station in 2015 (N = 13) and
2016 (N =12). Crewmembers averaged 37.2 (SD = 12.1) years at baseline.
Twenty of the crewmembers were male and five were female. All crew-
members underwent medical and psychological screening prior to selection.
Selection process for participants has been detailed previously*. Crew-
members also received psychological training to prepare them for possible
psychological and social issues that an ICE environment may cause”.
Individual crewmembers arrived at and departed from Concordia station
during the Austral summer and stayed an average of 12.7 months (range
10.0-14.4 months).

Control individuals underwent similar screening as the crew™, but did
not travel to, or winter-over, in Antarctica. These individuals were selected
from employees of the German Aerospace Center (DLR) in Cologne.
Individuals were excluded for pregnancy and contraindication for MRL
Twenty-five healthy control participants matched as well as possible
according to age and sex to the crew were enrolled at the DLR in Cologne
(CGN), Germany, over a similar timeframe as the Crew. Controls were 36.9
(SD =10.2) years old at baseline. Twenty-one of the control participants
were male and four were female.

Four non-crew individuals (‘flying phantoms’) were enrolled and
traveled to each study site. Data were used to standardize measurement
acquisition by MRI site. Flying phantoms included four male participants
(authors MB, AJE, RCG, KP) mean age=46.5; SD = 14.3 years. Phantom
scanning occurred in Cologne, followed by Christchurch, New Zealand
(CHR) then Hobart, Australia (HOB).

This study was approved by the institutional IRB of NASA Johnson
Space Center, the University of Pennsylvania, and by Arztekammer
Nordrhein, Cologne, Germany. All participants provided written informed
consent after receiving a complete description of the study.

Neuroimaging procedure and analysis

T1-weighted structural MRIs were acquired to measure changes in gray
matter, cerebrospinal fluid and ventricular volume in the brain. Imaging
parameters (Supplemental Table 2) were harmonized and optimized across
sites. Baseline MRI scans (Pre) of the crew were completed 1.5 months
(range 0.0—3.4 months) before arriving at Concordia station at DLR in
CGN. A second scan (Postl) was performed within 16 days after crew-
members departed from Concordia station (range 7-24 days after departure
and 10.7-16.2 months after the baseline scan) either in CHR or HOB. The
crew was scanned again in CGN one more time (Post2) 4.9 months (range
3.9-6.3 months) after their departure from Concordia station. All partici-
pants provided usable data for at least one time point.

Controls were scanned at CGN. Postl scans occurred 13.6 months
(range 12.5-15.2 months) after the first scan and Post2 scans occurred
7.4 months (range 5.7-9.7 months) after the Postl scan. Flying phantoms
were scanned twice at CGN (October 2015 and May 2017) and once at HOB
and CHR (September 2015).

Where possible pre-mission (Pre) and follow-up (Post2) MRI scans
were collected at CGN. Two baseline scans were performed in HOB and one
baseline scan was performed in CHR instead of CGN. One crewmember
had no Pre scan, another crewmember was only scanned at the Pre time
point, and 5 crewmembers did not have a Post2 scan.

For crewmembers, 24 pre-mission (Pre), 24 post-mission (Post1), and
19 follow-up (Post2) scans passed quality assurance. For controls, 25 pre-
mission (Pre), 21 post-mission (Post1), and 15 follow-up (Post2) scans were
included in the final analysis.

Freesurfer (version 7.4) was used to extract bilateral subcortical and
cortical gray matter volumes. Subcortical gray matter brain regions mea-
sured included: accumbens, amygdala, caudate, hippocampus, pallidum,
putamen, and thalamus. Cortical gray matter regions were combined within
each lobe (e.g., Frontal, Parietal, Temporal and Occipital) to be comparable
with published space flight data” and to reduce multiple comparisons.
White matter brain regions were not evaluated. Images were further auto-
matically processed with the longitudinal stream® in FreeSurfer. This

stream creates an unbiased within-subject template space and image™ using
robust, inverse consistent registrationm. Several processing steps, such as
skull stripping, Talairach transforms, atlas registration as well as spherical
surface maps and parcellations are then initialized with common infor-
mation from the within-subject template, significantly increasing reliability
and statistical power®. Once the longitudinal stream completed, volume
from cortical gray matter regions of interest were extracted using the
Desikan-Killiany (Ih/rh.aparc.annot) atlas. Volume of subcortical gray
matter brain regions were extracted using the default Freesurfer subcortical
region segmentation. Total cerebral white matter volume was also extracted
from the Freesurfer output. Using data from the flying phantoms, values
were normalized (z-transformed) for each site. Data quality was assessed
using Euler values extracted from Freesurfer. Euler values offer a robust
measurement of data QA”'.

Alertness and mood survey, cognitive testing and wrist-
actigraphy

The crew completed alertness and mood surveys and the Cognition’” test
battery at baseline and monthly while at Concordia station. The alertness
and mood surveys assessed self-reported aspects of sleep time, sleep quality,
physical and mental fatigue, stress level, workload, and emotional distress
with 11-point Likert-type scales. On the survey, the crew entered the time
they tried to fall asleep and woke up, which was used as an estimate of their
sleep duration. They then indicated their status on the following thirteen 11-
point Likert scales (anchors are provided in parenthesis after each question;
the middle point was labeled “neutral”): (1) What was the quality of your
sleep? (good-poor); (2) What was today’s workload? (very high-very low);
How are you feeling right now? (3) (not sleepy at all-very sleepy); (4)
(happy-unhappy); (5) (sick-healthy); (6) (energetic-physically exhausted);
(7) (mentally sharp-mentally fatigued); (8) (not stressed at all-very stressed);
(9) (tired-fresh, ready to go); (10) (very depressed-not depressed at all); (11)
(very bored-not bored at all); (12) (not lonely at all-very lonely); (13) Whatis
your current everyday life like? (very monotonous-not monotonous at all).
All scores were keyed for analysis such that higher numbers indicated better/
positive outcomes.

Cognition is a cognitive test battery that was developed for NASA and
empbhasizes tests that have either been used extensively in spaceflight or that
assess cognitive domains of particular interest in spaceflight””, such as
executive functions, spatial orientation, emotion recognition, and risk
decision making’*’*”’°. The 10 Cognition tests were modified to reflect the
high aptitude and motivation of astronauts, and the brain regions primarily
recruited by each test have been previously established. Importantly, Cog-
nition has 15 unique stimulus sets (i.e., versions) that allow for repeated
administration without the need to re-use stimulus sets. One standard speed
and accuracy outcome for each of the 10 Cognition tests was measured.
Correction factors to adjust for practice and stimulus set difficulty effects
have been established and were applied prior to analyzing the cognitive
data™. A detailed overview of Cognition can be found in Basner etal.””. Al 10
tests were always administered in the same order.

Test order, abbreviations and names for Cognition: (1) MP=Motor
Praxis Test; (2) VOLT=Visual Object Learning Test; (3) NBCK = N-back
Working Memory Test; (4) AM=Abstract Matching Test; (5) LOT=Line
Orientation Test; (6) ERT=Emotion Recognition Test; (7) MRT= Matrix
Reasoning Test; (8) DSST = Digit Symbol Substitution Test; (9) BART =
Balloon Analog Risk Test; (10) PVT = Psychomotor Vigilance Test.

Concordia crewmembers were asked to continuously wear a Blue-
tooth® enabled actigraph (Actigraph Link, Actigraph, Pensacola, FL) on the
wrist of the non-dominant arm (Supplemental Fig. 14). The methodology is
validated to provide reliable estimates on wake and sleep times and activity
levels””®. Average sleep probability and average activity levels were calcu-
lated for each day of the mission. Actigraphy is a non-invasive method to
gather objective sleep-wake data over prolonged periods of time based on
wrist movement. Sleep periods were automatically scored with the ActiLife
software (version 6.13.4; settings: Cole-Kripke” and “use Actigraph algo-
rithm”). The automatic scoring was visually inspected and sleep periods that
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were obviously scored incorrectly were corrected manually. Epochs within a
sleep period that had 0 activity counts in all 3 axes were scored as SLEEP.
Epochs within a sleep period that had >0 activity counts in at least one of the
3 axes were scored as WAKE (see Fig. S2 below for axis orientation).

All epochs not falling within a sleep period were also scored as WAKE.
Average sleep probability was determined based on epochs with sleep-wake
scoring stratified by month of the year (February to November), weekday
(Sunday to Monday), and time of day (1440 one-minute epochs). These
averages were used for single imputation of epochs classified as off-wrist.
Time in bed (TIB) and Sleep Efficiency (SE) were determined based on
scored sleep periods only (i.e., not using imputed sleep probability outside
sleep periods). SE was defined as SLEEP/(WAKE + SLEEP). Average
activity levels were calculated for each day of the mission based on WAKE
epochs outside of sleep periods. Activity outcomes were only generated if at
least 60 epochs were classified as WAKE in a given 24-h period. First, the
vector magnitude (VM) was calculated for each epoch using Eq. (1):

VM = SQR([Axis1]* + [Axis2]* + [Axis3]?) 1)

In addition to average activity levels, the percentage of time spent in
sedentary activity (VM <99), in light activity (VM 100-2019), in moderate
activity (VM 2020—5998), and in vigorous activity (VM >5998) were
determined according to Troiano etal.”’. Several crewmembers chose to take
off the actiwatch during the night. Six crewmembers were excluded from the
analysis because they had 36.2% or less wear-time during the period 9 pm -
9 am. Two crewmembers in year 2 stopped data acquisition in April 2016.
The remaining 17 crewmembers (9 from year 1 and 8 from year 2) con-
tributed to the analysis. They had at least 69.8% wear-time during the period
9pm - 9 am (average wear-time: 88.6%) and at least 75.6% wear-time
during the period 9 am - 9 pm (average wear-time: 89.3%). A Bluetooth®
proximity feature of the actiwatches was also used to determine the amount
of time each crewmember spent in the station’s gym based on how often a
beacon placed in the gym was detected by the actiwatch.

Statistical analyses

Since the MRI data were collected in a longitudinal, multi-site manner,
Longitudinal Freesurfer (v7.4)*® was utilized to measure change over time.
All raw gray matter volume measures were normalized and converted to
Z-scores based upon the gray matter volume of the Flying Phantoms at each
site. All raw gray matter volume data is presented in Supplemental Table 3.

Standard linear mixed-effects models were used to analyze changes in
gray matter, CSF or ventricular volume over time and to account for missing
data points. Participant was included as a random effect.

For changes in gray matter brain, CSF and ventricular volume, sta-
tistical significance was set at an alpha-level of 0.05 and p-values were
adjusted for multiple comparisons using Bonferroni corrections. All sta-
tistics were computed in R (version 4.3.1) and figures were generated using R
packages ‘ggplot2™' or ‘ggseg™ and effects sizers were calculated using
‘effectsize’ package®.

Exploratory correlation analyses were used to associate changes in total
cortical or total subcortical gray matter brain volume with average survey
responses, cognitive performance, sleep duration and efficiency, daytime
physical activity, and exercise frequency. Correlations between Pre to Post1
changes in gray matter brain volume and behavioral values observed during
the winter-over (i.e., averaged across multiple observations) were analyzed
in an exploratory framework. An exploratory approach was taken since the
study included a limited number of subjects and timepoints, but a large
number of behavioral and cognitive assessments.

For each behavioral measure (cognitive, sleep, etc.), an average of all
values collected during the winter-over period was calculated. To account
for age effects across subjects, age, age squared, and age cubed were regressed
out of the means for behavioral and imaging data, resulting in the final data
set used.

A positive correlation between gray matter volume for a given brain
region and a behavioral outcome indicates that better brain change (less

decline) was associated with a higher average behavioral outcome. Negative
correlations indicate the opposite: volume loss associated with increase in
the behavioral outcome. Detailed analysis for each of these behavioral
outcomes are beyond the scope of this manuscript and will be reported
elsewhere.

Data availability

The raw data supporting the conclusions of this manuscript can be
requested by qualified researchers from NASA’s Life Science Data Archive
(https://lsda.jsc.nasa.gov/).

Code availability
Statistical code is
concordia.git.

available here: https://github.com/upenn/nasa_
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