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Supplementary Information Text
Extended methods

Experimental Design

This observational study includes brain magnetic resonance imaging (MRI) data that were
collected per routine medical operations protocol in NASA astronauts, as well as from an ESA-
endorsed prospective MRI study (“BRAIN-DTI”) in ROS cosmonauts, ESA astronauts, and control
participants. Data collected in 24 NASA astronauts who participated in long-duration space
missions to the ISS and in 7 NASA astronauts involved in missions of short duration in the Space
Shuttle Program were provided to the investigators by the NASA Lifetime Surveillance of
Astronaut Health Program. Brain MRI scans were acquired in 13 ROS cosmonauts and in a small
group of ESA astronauts who participated in long-duration missions to the ISS. The number of
ESA astronauts included in this study is not reported to maintain astronaut anonymity. The mean
(SD) mission duration of all long-duration spaceflight subjects combined for the NASA, ROS, and
ESA crews was 179.6 (47.8) days, while for the 7 NASA Shuttle astronauts was 14.7 (1.6) days.
Brain MRI data were also available for 13 healthy control participants, who were of similar age
and education level as the space crews. Demographic characteristics of the participants are
reported in Dataset S1. The age was not significantly different between the five groups (P=.17,
one-way ANOVA). Additionally, neither age nor brain volume were significantly different in the
NASA astronauts who developed SANS (mean age 50.1 yo, median brain volume 1359.1 cm?)
compared with those in the non-SANS group (mean age 47.9 yo, median brain volume 1418.6
cm?®) (P=.35, independent samples t-tests and P=.15, Mann-Whitney U test, respectively; see
also Dataset S1).

In space-flyers who underwent long-duration missions aboard the 1SS, age was not correlated
with WM-PVS changes (0=0.07, P=.65), BG-PVS changes (0=0.17, P=.29), VSA changes
(0=0.14, P=.37), LV changes (p0=-0.19, P=.23), mission duration (0=0.20, P=.21), previous
spaceflight experience (0=0.13, P=.49) and interval landing-postflight MRI (0=-0.26, P=.09).

The study comprising brain MRI data acquisition in ESA and ROS crews and control subjects was
approved by the ESA Medical Board, the Committee of Biomedicine Ethics of the Institute of
Biomedical Problems of the Russian Academy of Sciences, and the Human Research Multilateral
Review Board. The study comprising brain MRI data review of NASA crews was approved by the
Institutional Review Boards at the NASA Johnson Space Center and the Medical University of
South Carolina.

NASA astronauts and ROS cosmonauts were scanned a mean (SD) of 517.2 (148.7) and 121.0
(27.9) days before launch to the ISS (preflight MRI) and 2.6 (1.7) and 9.1 (3.2) days after return to
Earth (postflight MRI), respectively. ESA astronauts were scanned 110.3 (55.8) days before
launch and 5.8 (2.2) days after landing. NASA Shuttle astronauts were scanned 140.9 (58.7)
days before launch and 14.4 (6.6) days after landing. Control participants were scanned twice,
with a mean interval of 368.2 (101.1) days between scans.

All participants provided written informed consent to take part in this study.

Ophthalmologic data

Ophthalmologic records were available for the NASA ISS astronauts. We identified NASA
astronauts who developed SANS based on the current diagnostic criteria for SANS, including
optic disc edema, globe flattening, choroidal folds, hyperopic refractive error shifts and cotton
wool spots (1, 2). While the definition of SANS is evolving and a new definition has recently been
proposed based on incorporating changes in total retinal thickness (3), this measurement was not
performed historically and, as such, was not available for all of the astronauts in our cohort.
Therefore, for this study, we followed the current clinical diagnostic criteria for SANS
classification.

MRI protocol

All brain scans were performed on 3T MRI machines equipped with 16-channel receiver head
coils. The MRI protocol included the acquisition of 3D high-resolution T1-weighted structural
images (voxel size 1x1x1 mm). NASA astronauts were scanned on a 3T Siemens Verio system
(Siemens, Erlangen, Germany) in Houston, Texas, with the following parameters: T1-weighted



magnetization-prepared rapid acquisition of gradient-echo sequence; 176 sagittal slices;
TR=2300ms; TE=2.98ms; TI=900ms; flip angle=7°. ROS cosmonauts and 9 controls were
scanned on a GE Discovery MR750 3T MRI system (GE Healthcare, Milwaukee, Wisconsin) at
the National Medical Research Treatment and Rehabilitation Center of the Ministry of Health of
Russia in Moscow, Russia with the following parameters: T1-weighted fast spoiled gradient echo;
176 slices; TR=7.9ms; TE=3.06ms; TI1=450ms; flip angle=12°.

The ESA astronauts and 4 controls were scanned on a 3T Siemens Biograph mMR system
(Siemens, Erlangen, Germany) located at the German Aerospace Center (DLR) in Cologne,
Germany, with the following parameters: T1-weighted magnetization-prepared rapid acquisition of
gradient-echo sequence; 176 sagittal slices; TR=1900ms; TE=2.43ms; TI=900ms; flip
angle=12°).

MRI data analysis

Preprocessing and parcellation of the T1-weighted images were performed using the recon-all
module of FreeSurfer (v5.3.0, https://surfer.nmr.mgh.harvard.edu/) (4). Briefly, the following pre-
processing steps were applied: motion correction, non-parametric non-uniform intensity
normalization, Talairach transform computation, intensity normalization and skull stripping (5).
Grey matter, white matter, and ventricular system parcellations were derived from the Desikan-
Killiany atlas (6). The LV volume was computed by summing the left and right LV volumes
obtained from the ventricular system parcellation in the native space.

BG-PVS and WM-PVS segmentation was performed on the parcellations in the native space
previously derived from FreeSurfer via an automated quantification pipeline (7), as in previous
studies (8—10). Briefly, an adaptive non-local mean filtering method (11) was applied on the T1-
weighted images to remove bias intensity caused by the Rician noise in the MRI data. The PVS
voxels were preserved by applying the filter only on high frequency spatial noise and by using a
filtering patch with a radius of 1 voxel, which allows to preserve the signal intensities that are
spatially repeated (11). The Frangi filter with the default, recommended parameters of a, 3, and ¢
(12) implemented in the Quantitative Imaging Toolkit (http://cabeen.io/qitwiki) (13) was
subsequently applied to the denoised T1-weighted images for estimating the probability-like
measure of “vesselness” in the native space (12). In order to maximize the PVS inclusion, we set
the scale to a large range of 0.1-5 voxels. Finally, we applied a previously optimized threshold of
0.00002 (7, 9) to the vessel map in order to obtain a binary mask of PVS. The segmentation
masks were reviewed blindly to the clinical and demographic information and manual corrections
were applied with ITK-SNAP (version 3.8.0, www.itksnap.org) in case of mistakes in the
segmentation.

Advanced Normalization Tools (ANTs v2.2.0, http://stnava.qithub.io/ANTs/) (14) was used to
register all the T1-weighted images to a reference template, using a diffeomorphic image
registration (15, 16), and to automatically segment the subarachnoid CSF space. From this
segmentation mask, the fraction of the subarachnoid CSF space at the vertex (VSA) was
obtained by selecting the first 30 slices (i.e., 30 mm) from the cranial vertex of the reference
template towards the brain, as per the observations reported in previous publications (17-19).
The volume of the VSA mask space was subsequently computed in the template space and used
in statistical analyses.

The percentage change in WM-PVS, BG-PVS, LV, and VSA between the preflight and the
postflight values was calculated as:

Volume,,s; — Volume,,, % 100

%Change = Volume
pre

Due to the different scanners adopted among groups, we used the percentage changes when
comparing NASA with ROS MRI data, and absolute volumes when comparing intra-individual
differences from the first to the second timepoint and when comparing groups of individuals
scanned with the same machine (i.e., NASA ISS astronauts who developed SANS compared with
those who did not develop SANS). All the segmentation software used here showed consistent
and robust performance for T1-weighted images acquired on Siemens and GE scanners (9, 20—
22).



Statistical analysis
Data were tested for normality using Shapiro-Wilk test. Pre- to post-flight changes in WM-PVS,
BG-PVS, VSA, and LV were evaluated for the control, ROS, and NASA Shuttle groups with
paired t-tests, and with mixed model ANOVAs for the NASA ISS group to identify changes
separately for subjects with and without SANS. Group differences between ROS and NASA ISS
were evaluated with independent samples t-tests. Due to the small sample size, ESA astronaut
data were not included in this analysis and were characterized with descriptive rather than
inferential statistics. To account for physiological brain changes over time on Earth and to
accommodate the variability in time between the preflight MRI scan and launch, preflight values
were adjusted to represent values on launch day based on the mean annual percentage change
observed in our control group for WM-PVS, BG-PVS, VSA, and LV:

Xeqj =X+ (x Xy Xa)
where x is the value measured at the preflight scan, y is the interval between the preflight MRI
scan and the launch in years, and a is the mean annual percentage change of the variable of
interest (WM-PVS, BG-PVS, VSA, or LV) measured in the controls.
Spearman’s correlation coefficients measured associations between changes in WM-PVS, BG-
PVS, VSA, LV, spaceflight experience, mission duration and interval landing-postflight MRI.
A regression analysis was performed to test whether the WM-PVS volume measured at the
postflight MRI scan was related to the baseline brain volume or age. Additional correlation
analyses were performed to test the association of postflight changes in WM-PVS, VSA, and LV
with age and baseline brain and WM-PVS volumes, as well as the association of preflight WM-
PVS, VSA, and LV volumes with age and baseline brain volume.
Statistical significance was set at a<0.05, two-tailed P values are reported, and post-hoc
comparisons were conducted using the Sidak method (23) to correct for multiple comparisons.
Analyses were conducted with SPSS (v25, IBM: Armonk, NY).

Limitations

There are several limitations in our study. One is the varying interval between the preflight scan
and the launch across the astronauts and cosmonauts, since physiological changes occur in the
brain with ageing. To reduce this limitation, we used the annual change rate detected in controls
to compute in astronauts and cosmonauts the values expected on launch day based on their
corresponding values measured at the preflight scan.

Another limitation is the lack of information about certain lifestyle factors (e.g., alcohol, smoking,
and diet) which could have influenced the changes in PVS, in addition to ageing. Nevertheless,
we believe that alcohol and smoking could not have played a significant role on the changes in
PVS that we found after long-duration spaceflight on the ISS, since they are strictly prohibited on
the ISS, while the control subjects on Earth could have access to them and still showed no
significant changes in PVS at the second MRI scan. We also expect the intake of alcohol/tobacco
to be minimal or absent in astronauts and cosmonauts during their leisure time on Earth, as one
of the selection criteria for astronauts and cosmonauts requires them to be free from any
dependency on drugs, alcohol, or tobacco. Additionally, according to our recent study in healthy
adults, neither alcohol intake nor smoking are significantly associated with the PVS burden as
quantified with our algorithm (8).

The varying interval between return to Earth and the postflight MRI scan is also a limitation.
However, there was no correlation between WM-PVS changes and the interval between landing
and the postflight MRI scan, which suggests that the higher WM-PVS changes measured in
NASA ISS astronauts are not explained by the shorter landing-postflight MRI interval. Finally, the
small number of ESA astronauts is also a limitation, which precluded the possibility to perform
inferential statistics on this group.

Despite these limitations, this is the largest spaceflight MRI study to date and the first one
analyzing PVS after spaceflight and comparing multiple intracranial CSF compartments in crews
from different space agencies via the same computational tools by the same group of
investigators.
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