








processing speed and learning subtest (�0.8% 6 1.1%, P= .02,
n=12) but faster reaction times for CDS and the CPT sustained
attention subtest as indicated by negative percentage changes in
reaction time (�9.1% 6 10.8%, P= .02 and �9.4% 6 8.2%,
P= .001, respectively; n=12).

To test for any voxelwise associations between brain volume
change and cognitive function, we obtained nonparametric corre-
lations between the normalized Jacobian determinant and each
cognitive test score as a covariate. Three white matter regions
emerged as significant predictors of altered reaction time on the
CPT (bilateral optic radiations and splenium of the corpus cal-
losum; P, .05, n=12, permutation-corrected) (Fig 4). Those
astronauts with the least reduction in reaction time postflight
showed the greatest change in local volume in these 3 white matter
regions. No area of the brain demonstrated local structural change
that correlated significantly with postflight performance changes
on any other WinSCAT subtests in this relatively small sample.

We also tested for any association between %DVV and
changes in cognitive test scores (On-line Table 5). While there
was a large negative correlation between accuracy on the CDS
subtest and the %DVV (r = �0.60, n=12), indicating a decre-
ment in accuracy in astronauts with the greatest increases in %D
VV, and a large negative correlation between %DVV and reaction
time on the CPT subtest (r = �0.62, n=12), indicating that those
astronauts with smaller increases in %DVV exhibited slower reac-
tion times postflight, neither of these correlations survived cor-
rection for multiple comparisons.

Associations between Structural Brain Changes and
Clinical Findings of SANS
Of the 12 long-duration astronauts, 1 astronaut had optic disc
edema and increased intracranial pressure (21.5 cm H2O) at

lumbar puncture following the space-
flight. Three additional astronauts
demonstrated choroidal folds but did
not undergo lumbar puncture. These 4
astronauts (all men) were classified as
SANS cases. Compared with the 8
long-duration astronauts who did not
develop findings of SANS, there was a
smaller change in %DVV postflight in
the 4 astronauts with SANS (12.8%
versus 6.5%, P= .02). Because this was
a post hoc comparison between 2
relatively small groups of people, we
believe the findings should be con-
sidered preliminary rather than
confirmatory.

DISCUSSION
Here we show that alteration of brain
structure during spaceflight is likely
progressive on the basis of mission du-
ration, affects the younger astronauts,
and correlates with postflight changes
in motor and cognitive performance.
These findings suggest that the brain

changes seen with microgravity have measurable behavioral con-
sequences. While observed in a relatively small sample, with
some variation based on astronaut demographics, these results
may have major health significance that should be considered in
spaceflight policy and planning.

The results suggest that long-duration spaceflight causes both
global and local changes in brain structure. There is a redistribu-
tion of CSF, which occurs with ventricular enlargement, a global
upward brain shift, and narrowing of the CSF spaces at the vertex
along the inner table of the skull.1 As a result, significant local
changes include crowding of brain parenchyma along the supe-
rior-medial aspects of the frontal and parietal lobes and displace-
ment of brain parenchyma along the margins of the lateral and
third ventricles as the ventricles expand (Fig 2).

For the 2 FTT tasks requiring the greatest demand for
dynamic control of postural equilibrium, we found a significant
association between altered postural control postflight and local
structural changes of the left caudate nucleus, an important struc-
ture in postural and locomotion control.15-17 For example, the
caudate nucleus has been proposed to play a role in the patho-
physiology of idiopathic normal pressure hydrocephalus, in
which patients commonly present with abnormal gait and
enlarged ventricles on brain imaging and have been found to
have reduced volume18 and hypometablism19 of the caudate
nuclei compared with healthy controls. Restoration of normal
perfusion of the caudate nuclei after shunt placement has been
shown to correlate with improved gait in patients with idiopathic
normal pressure hydrocephalus.20 Similarly, in astronauts, our
current findings suggest that structural changes of the caudate
nucleus may contribute to the substantial deficits in postural con-
trol experienced by astronauts postflight.10 We hypothesize that
unilateral association with the left caudate nucleus is due to the

FIG 2. Spaceflight results in crowding of brain tissue at the vertex. Red voxels indicate regions
along the brain surface where there was an increase in brain parenchyma pre- to postflight due to
crowding of the brain tissue as the brain shifted upwards. Blue voxels indicate displaced brain tis-
sue that occurred predominantly along the margins of the lateral and third ventricles due to
enlargement of the ventricles postflight.
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larger increase in left-versus-right ventricular volume (17.1% ver-
sus 15.2%), resulting in a large change in the volume of the left
caudate nucleus.

Alternatively, for the Seated Egress and Walk Test, we found a
significant association between task-completion time and local
structural changes of the right lower extremity primary motor
area/midcingulate. The Seated Egress and Walk Test is a complex
task that involves completing an obstacle course and therefore
would be expected to engage higher order cortical areas.
Unilateral association with the right motor area is consistent with
previous results in which exposure to simulated microgravity
caused a decrease in the activity of the left prefrontal and parietal
cortices involved in preparation and realization of motor
responses with a compensatory increase in right hemispheric
activation.21 Pechenkova et al22 have also demonstrated several
asymmetric alterations in motor system connectivity following
spaceflight in a group of cosmonauts.

Postflight, the astronauts demonstrated reduced accuracy on
the CDS subtest and faster reaction times for CDS and CPT. The
change in reaction time could indicate ongoing learning effects
during spaceflight on cognitive tasks as has been previously sug-
gested.23 For example, Basner et al24 performed a normative
study in astronauts, astronaut candidates, and NASA mission
controllers using a test battery known as Cognition, which
includes 2 subtests comparable with the CDS and CPT of the
WinSCAT. Each participant performed the Cognition battery
repeatedly to document the trajectory of speed and accuracy
measures, and during 15 administrations of Cognition, the
response times continued to decrease, suggesting ongoing learn-
ing. Alternatively, a change in reaction time and decreased accu-
racy on the CDS subtest may reflect a trade-off of accuracy for
faster reaction times. A similar effect was also documented in the
study of Basner et al24 for the CDS subtest. Faster reaction times
were also seen at cognitive testing in a spaceflight analog study in
which participants underwent long-term head-down-tilt bed rest
simulating the headward fluid shifts of spaceflight while exposed
to elevated carbon dioxide levels similar to those on the ISS. The
authors suggested that the chronic exposure to elevated carbon
dioxide experienced on the ISS may lead to altered cerebrovascu-
lar reactivity favoring the visual cortex and improved visual per-
formance.25 Indeed, many factors affect individual astronaut
performance, including hypercapnia, sleep, stress levels, noise,
medications, and other psychosocial factors; therefore, further

FIG 4. Regional deformation of brain parenchyma that significantly
predicted performance on the Continuous Performance Test
(P, .05).

FIG 3. Regional deformation of brain parenchyma that significantly
predicted performance on motor function tests. A, Regional defor-
mation of brain parenchyma that significantly predicted performance
on the Recovery from Fall/Stand Test (P, .05). B, Regional deforma-
tion of brain parenchyma that significantly predicted performance on
the Dynamic Postural Stability Test (P, .05). C, Regional deformation
of brain parenchyma that significantly predicted performance on the
Seated Egress and Walk Test (P, .05).
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studies with larger sample sizes are needed to characterize cogni-
tive performance in astronauts. Our current findings suggest
individual brain structural adaption during spaceflight may also
be an important factor affecting astronaut cognitive performance.

Local volume change of the right greater than left optic radia-
tions and splenium of the corpus callosum was associated with
relatively unaltered reaction times on the CPT compared with
those astronauts who displayed faster reaction times on postflight
testing. This finding is consistent with the known role of the sple-
nium of the corpus callosum in mediating fast visuomotor
responses.26 In astronauts, abnormal diffusion metrics involving
multiple white matter tracts indicative of disrupted white matter
connectivity have been identified postflight,27 and in particular, a
recent study found focally reduced fractional anisotropy within
the right posterior thalamic radiation in astronauts postflight, a
physiologic correlate to the local volume change we identify
here.28

Initially, we had hypothesized that ventricular enlargement
postflight would correlate with the development of SANS; how-
ever, the 4 astronauts with ophthalmologic changes had a smaller
change in %DVV than those without SANS (12.8% versus 6.5%,
P= .02, n=8 versus n=4). While the etiology of SANS remains
unclear, this preliminary result suggests that ventricular enlarge-
ment, as seen in astronauts without SANS, may not be a charac-
teristic feature of SANS.

While there was a large correlation between %DVV and post-
flight sway speed (Recovery from Fall/Stand Test) and a large
negative correlation with accuracy (CDS cognitive subtest), indi-
cating that ventricular enlargement was associated with a loss of
postflight postural control and a decrement in accuracy, these did
not survive correction for multiple comparisons. There was also a
large negative correlation between %DVV and reaction time on
the CPT subtest, indicating that those astronauts with smaller
increases in %DVV exhibited slower reaction times postflight.
While this finding is consistent with the smaller change in %D
VV experienced by astronauts with SANS whose visual changes
may have affected visuomotor performance, this finding also did
not survive correction for multiple comparisons. Therefore, any
association between %DVV and altered cognitive or motor per-
formance will need to be studied in a larger group of astronauts.

The opportunity for individuals to experience spaceflight is
limited; thus, the unique sample described here is important for
guiding decision-making about future spaceflight. However, this
uniqueness also limits the strength of inference that can be made
from results involving a relatively small sample size, particularly
for female astronauts who were under-represented in the current
sample. Another limitation is the lack of uniform testing across
all astronauts due to the retrospective nature of this study.

CONCLUSIONS
In the context of cautious interpretation, we found clear evidence
of changes in brain structure that appear to occur with changes in
behavior involving postural adjustment and reaction time during
a cognitive task. The importance of these results is to highlight
the need to prioritize further studies of human brain adaptation
to spaceflight to ensure the safety of ISS astronauts and to prepare
for long-duration exploration missions to the Moon and

ultimately to Mars. Our findings support the need for advanced
neuroimaging protocols and long-term follow-up imaging of the
astronaut population. Most important, understanding the influ-
ences of gravity on CSF homeostasis and brain health may pro-
vide insights into abnormalities of CSF homeostasis such as
idiopathic normal pressure hydrocephalus.
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