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An 11–25% increase in total ventricular volume has been documented in astronauts
following spaceflight on the ISS. Given the approximately 2-year time interval between
pre- and post-flight MRI, it is unknown if ventricular enlargement simply reflects normal
aging or is unique to spaceflight exposure. Therefore, we compared percent ventricular vol-
ume change per year (PVVC/yr) documented on pre- to post-flight MRI in a group of NASA
ISS astronauts (n = 18, 16.7% women, mean age (SD) 48.43 (4.35) years) with two groups
who underwent longitudinal MRI: (1.) healthy age- and sex-matched adults (n = 18,
16.7% women, mean age (SD) 51.26 (3.88) years), and (2.) healthy older adults (n = 79,
16.5% women, mean age (SD) 73.26 (5.34) years). The astronauts, who underwent a mean
(SD) 173.4 (51.3) days in spaceflight, showed a greater increase in PVVC/yr than the control
(6.86 vs 2.23%, respectively, p < .001) and older adult (4.18%, p = 0.04) groups. These results
highlight that on top of physiologically ventricular volume changes due to normal aging,
NASA astronauts undergoing ISS missions experience an additional 4.63% PVVC/yr and
underscore the need to perform post-flight follow-up scans to determine the time course
of PVVC in astronauts over time back on Earth along with monitoring to determine if the
PVVC is ultimately clinically relevant.
One sentence summary: NASA astronauts who were exposed to prolonged spaceflight expe-
rienced an annual rate of ventricular expansion more than three times that expected from
normal aging.
� 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

We [1] and others [2–4] have reported mean increases
in ventricular volumes of 11–25% in NASA astronauts
following long-duration spaceflight on the International
Space Station (ISS). A mean pre- to post-flight increase of
11.6% in total ventricular volume has also been reported
in Russian cosmonauts compared with no change in ven-
tricular volume for age- and sex-matched controls over
the same inter-scan intervals [5,6]. At follow-up MRI, per-
formed on average 7 months after the cosmonauts return
to Earth, ventricular volumes had decreased but had not
yet returned to pre-flight baseline with a residual mean
increase in total ventricular volume of 6.4% [5,6]. Similarly,
ventricular volumes remained enlarged above baseline
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values in astronauts 6 months to 1 year following return to
Earth [3,4].

Normal aging is associatedwith ventricular expansion of
approximately 1.7–4.1% per year [7–9] for middle-age to
older adults but is less than 1% in young adults [10]. Given
the time interval betweenpre- andpost-flightmagnetic res-
onance imaging (MRI) of the brain, which is approximately
2 years including typically 6 months in spaceflight for most
missions to the ISS, the ventricular enlargement docu-
mented in astronauts may reflect aging. To determine
whether or not spaceflight is associated with ventricular
expansion in NASA astronauts at post-flight beyond that
which occurs during a similar time interval with normal
aging, we compared the annualized percentage ventricular
volume change (PVVC/yr) for ISS astronauts as measured
by pre- and post-flight MRIs with a group of normal age-
and sex-matched control participants. For comparison, we
also included a third group composed of older adults.

Recently, ISS astronauts have reported visual changes
during spaceflight and upon ophthalmologic exam, have
been found to have optic disc edema, globe flattening,
choroidal and retinal folds, cotton wool spots, and hyper-
opic refractive error shifts [11]. A few astronauts have
undergone post-flight lumbar puncture with mildly ele-
vated opening pressures of 21–28.5 cm H2O [11]. NASA
has termed this constellation of findings the spaceflight
associated neuro-ocular syndrome (SANS) and while the
etiology of SANS is unknown, it has been likened to terres-
trial idiopathic intracranial hypertension (IIH) [11]. To gain
insight into the mechanism underlying the development of
SANS, we also examined the PVVC/yr in astronauts who
presented with clinical findings of SANS versus those
astronauts who did not to determine if ventricular enlarge-
ment post-flight is a feature of SANS.
Methods

Experimental design

The study was approved by the institutional review
boardsof theNASA JohnsonSpaceflight Center and theMed-
ical University of South Carolina (MUSC). After the nature
and possible consequences of the study, including potential
loss of privacy, were explained to the astronauts, informed
consent was obtained. All astronaut data was provided to
the study team by the NASA Lifetime Surveillance of Astro-
naut Health Program. Normal control data was obtained
througha data use agreement betweenMUSCandWashing-
ton University in St. Louis (WUSTL). This manuscript was
reviewed by NASA to ensure astronaut anonymity.
Participants

Eighteen consecutive NASA astronauts who had under-
gone both long-term spaceflight on the ISS and high reso-
lution, volumetric MRIs of the brain pre- and post-flight
were included in the study (3 women, 15 men, mean
spaceflight length (SD) 173.4 (51.3) days). Each astronaut
had undergone MR imaging sometime before spaceflight
and within two weeks upon return to Earth.
2

Normal control participants were obtained from the
OASIS-3 (Open Access Series of Imaging Studies 3) data-
base. OASIS-3 is a longitudinal neuroimaging, clinical, cog-
nitive, and biomarker dataset for normal aging and
Alzheimer’s Disease and represents a compilation of data
that were collected across several ongoing projects at
WUSTL. The database includes data from 613 well-
characterized, cognitively normal adults ranging in age
from 42 to 95 years without any documented medical
diagnosis. Using the SPSS (IBM Corporation, SPSS�) case-
control matching procedure, a group of 18 control partici-
pants from the OASIS-3 database were one-to-one
matched to the ISS astronauts based on age, sex, and time
between scans. Additionally, we screened the OASIS-3
database for a group of older adults aged 65–85 (n = 79)
with similar profiles in sex and time between scans.
MR analysis

MRIs of the astronauts were performed on a 3 Tesla Sie-
mens Verio system (n = 18, imaging parameters: TR = 1.9 s,
TE = 2.3 ms, inversion time = 900 ms, flip angle of 9
degrees, NSA = 1, FOV = 250 � 250 mm, acquisition
matrix = 256 � 256, and slice thickness = 1 mm) and MRIs
of the controls were performed on a 3 Tesla Siemens Trim
Trio (n = 81, imaging parameters: TR = 2.4 s, TE = 3.2 ms,
inversion time = 1000 ms, flip angle of 8 degrees, NSA = 1,
FOV = 250 � 250 mm, acquisition matrix = 256 � 256, and
slice thickness = 1 mm) or a 1.5 Tesla Siemens Sonata
(n = 16, imaging parameters: TR = 1.9 s, TE = 3.9 ms, inver-
sion time = 1100 ms, flip angle of 15 degrees, NSA = 1,
FOV = 250 � 240 mm, acquisition matrix = 256 � 240, and
slice thickness = 1 mm) systems (Siemens, Erlangen, Ger-
many). For each participant, the same scanner was used
for both MRIs. The longitudinal design allowed for the
study of within subject changes mitigating any potential
errors associated with differences in scanner hardware
between the groups.

The same fully automated software pipeline was used
to calculate ventricular volumes for the astronaut and both
control groups. For the control groups, ventricular volumes
had been previously calculated and were available through
the OASIS-3 database (FreeSurfer Software Suite; Version
6.0.0; http://surfer.nmr.mgh.harvard.edu). We applied the
same automated pipeline (FreeSurfer Software Suite; Ver-
sion 6.0.0) to the astronaut data set as was used for the
control groups.

Percent ventricular volume change (PVVC) was calcu-
lated from the ventricular volume on the first and follow-
up MRI scans according to:

%Ventricular Volume Change Postflight to Preflight

¼ Ventricular VolumePost � VentricularPre
VentricularPre

� 100

The annual rate of change was obtained by dividing
PVVC by the time interval between scans in years. PVVC/
yr was calculated for the total ventricular volume (sum
of the right and left lateral, third, and fourth ventricles)
and for each ventricle separately.

http://surfer.nmr.mgh.harvard.edu
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Statistical methods

Kruskal-Wallis tests were used to evaluate group differ-
ences in time between scans, age, and MRI volume vari-
ables. Non-parametric approaches were used due to the
presence of outliers and the violation of the normality
assumption required for parametric approaches. Data are
summarized by median (Mdn), Interquartile Range (IQR),
and Median Absolute Deviation (MAD = median of (|Xi –
median(Xi|)), except for age and flight duration, which
are summarized with means and standard deviations
(SD) to conform with NASA’s Astronaut Office privacy stan-
dards. Fisher’s Exact test was used to evaluate sex differ-
ences by group. Specific effects of SANS status versus
matched controls were evaluated with Mann-Whitney U
tests. Statistical significance was considered at the
a = 0.05 threshold and 2-sided p-values are reported. All
statistical analyses were performed using SPSS (IBM SPSS
Statistics, Version 25).

Results

The ISS group consisted of 18 astronauts (16.7% women,
mean age (SD) 48.43 (4.35) years; Table 1). There was no
significant difference in age at first MRI scan or sex
between the ISS and matched control (n = 18, 16.7%
women, mean age (SD) 51.26 (3.88) years) groups
(p = 1.00). The older adult group (n = 79, 16.5% women,
mean age (SD) 73.26 (5.34) years) was significantly older
than the ISS group and matched control groups (p < .001),
however, there was no significant difference in the distri-
bution of sex across the three groups (p = 1.00). Per our
exclusion criteria, there were no significant differences in
time between scans between ISS (Mdn = 2.06 years,
IQR = 1.70 – 2.20, Range = 1.26 – 2.56, MAD = 0.15),
matched control (Mdn = 2.50 years, IQR = 1.73 – 3.28,
Range = 1.12 – 3.90, MAD = 0.75), and older adult groups
(Mdn = 2.01 years, IQR = 1.68 – 2.30, Range = 1.00 – 2.59,
MAD = 0.30; p = .17).

At the baseline MRI, there were no significant differ-
ences in total ventricular volumes between the ISS
(Mdn = 18.59 ml, IQR = 15.46 – 26.32, Range = 10.97 –
36.49, MAD = 4.22) and matched control (Mdn = 19.40 ml,
IQR = 14.60 – 24.72, Range = 10.53 – 37.30, MAD = 4.38)
groups, p = .50. However, the older adult group had signif-
icantly greater total ventricular volumes (Mdn = 37.87 ml,
IQR = 24.64 – 55.91, Range = 9.24 – 109.99, MAD = 13.63)
than the ISS or matched control groups, p < .001. Concern-
ing total ventricular volume change, the ISS group showed
a significantly greater increase in PVVC/yr (Mdn = 6.86%,
Table 1
Participant demographics.

Group n (% female)* Age at first MRI scan

Mean SD p-value

ISS 18 (3F, 16.7%) 48.43 4.35 ISS vs controls, p =
ISS vs older adults

Controls 18 (3F, 16.7%) 51.26 3.88 Controls vs older a
Older Adults 79 (13F, 16.5%) 73.26 5.34

*There was no significant difference in the distribution of sex across the three g
**There were no significant differences in time between scans between the thre
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IQR = 3.67 – 8.86, Range = 0.13–17.30, MAD = 2.29) than
the control group (Mdn = 2.23%, IQR = 0.32 – 4.26, Range = -
3.90–5.93, MAD = 1.85; p < .001) and the older adults
(Mdn = 4.18%, IQR = 2.37 – 6.01, Range = -2.48–10.12,
MAD = 1.81; p = .04). (Table 2, Fig. 1). This was equivalent
to median changes in total ventricular volume per year of
1.12 ml, 0.41 ml, and 1.41 ml respectively for the ISS, con-
trol, and older adult groups and these group differences
were significant: the ISS group (p = .005) and the older
adult group (p < .001) showed a significantly greater per-
cent increase in volume than the matched control group
(Fig. 2). As the older adults had larger total ventricular vol-
umes at baseline than the other groups, with only a modest
increase in volume at follow-up MRI compared to the ISS
group, there was no significant difference in total ventric-
ular volume change per year between the ISS and older
adult groups, p = 1.00.

Concerning ventricular volume change for the individ-
ual ventricles (Table 3), there were significant group differ-
ences in PVVC/yr for the left lateral, right lateral, and third
ventricles. For the left lateral ventricle, the ISS group
showed a significantly greater increase in PVVC/yr than
the control group (p < .001) and the older adult group
(p = .004). For the right lateral ventricle, the ISS group
showed a significantly greater increase in PVVC/yr than
the control group, p = .009, but not the older adult group
(p = .29). For the third ventricle, the ISS group showed a
significantly greater increase in PVVC/yr than the control
group (p < .001) and the older adult group (p < .001). For
the fourth ventricle, there were no significant group differ-
ences in the change in PVVC/yr (p = .19).

Out of the 18 ISS astronauts, 7 astronauts were found to
have features of SANS including optic disc edema and chor-
oidal folds following spaceflight. These 7 astronauts had
significantly smaller total PVVC/yr than those astronauts
who did not present with features of SANS (3.77% versus
8.02% respectively, p = 0.03, Fig. 3). The PVVC/yr in the 7
astronauts with SANS was not significantly different from
their matched controls (3.77% vs 3.84%, p = 0.54), while
the PVVC/yr in the astronauts without SANS was signifi-
cantly greater than their matched controls (8.02% vs
1.64%, p > 0.001). That is, PVVC/yr appeared to be inversely
associated with SANS.

Discussion

By comparison with a normal, healthy age- and sex-
matched control group, there is approximately 3 times
the rate of enlargement of the ventricles in astronauts
who participated in ISS missions beyond that expected
Time between MRI scans**

Median IQR Range MAD

1.00
, p < .001

2.06 1.70 – 2.20 1.26 – 2.56 0.15

dults, p < .001 2.50 1.73 – 3.28 1.12 – 3.90 0.75
2.01 1.68 – 2.30 1.00 – 2.59 0.30

roups.
e groups.
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over the same time interval in normal aging. The age- and
sex-matched control group showed a natural physiological
PVVC increase of 2.23%/yr over the approximately 2 years
between the two MRI exams. On top of that, the astronaut
group experienced an additional 4.63% increase in PVVC/yr
attributable to the experience of spaceflight for approxi-
mately 6 months during the two-year time period. This
finding in NASA astronauts is consistent with that previ-
ously reported in a group of Russian cosmonauts compared
with age- and sex matched controls [5,6]. Additionally,
although ventricular expansion in normal subjects acceler-
ates with age [12,13], despite the younger age of the astro-
naut group, the annual % increase in ventricular size was
over 1.5 times that of the older adult group (6.86% vs
4.18% per year, respectively).

One of the most important questions this study raises is
whether or not after some time back on Earth, ventricular
volumes in NASA astronauts return to baseline. Currently,
follow-up MRI beyond the immediate post-flight time per-
iod (approximately 2 weeks) is not routinely performed in
the astronaut population. However, Van Ombergen et al.
[6] studied 7 cosmonauts who underwent imaging
7 months after return to Earth. They found ventricular vol-
umes had decreased compared with post-flight values but
had not yet returned to the pre-flight baseline [6]. Com-
pared with pre-flight, the total ventricular volume had
increased by 11.6% immediately post-flight and after
7 months post-flight, the total ventricular volume
remained increased 6.4% over pre-flight values. Similarly,
in 11 astronauts, Kramer et al. [4] found a 10.7% increase
(equivalent to 2.8 ml) in total ventricular volume on MRI
obtained within 24 h after return to Earth which remained
increased by 4.2% above pre-flight values at MRI performed
1 year later. In 12 astronauts who spent 6–12 months in
space and demonstrated ventricular enlargement immedi-
ately post-flight, Hupfeld et al. [3] found that ventricular
volumes had decreased by 55 – 64% towards baseline at
6 months post-flight in some of the astronauts, but an
astronaut who had spent 12 months in space experienced
only a 2–8% return towards baseline ventricular volumes
at 6 months. While this study also included a control
group, they were not age- and sex matched to the astro-
naut cohort.

Terrestrial ventricular expansion greater than normal
aging has been documented in a range of neurological dis-
orders including declining cognitive status, reduced brain
reserve, depression, and progression to mild cognitive
impairment and Alzheimer’s disease [8,14]. This study
highlights the need to further investigate the etiology, time
course, and any potential clinical consequences of ventric-
ular enlargement in the astronaut population [15]. Impor-
tantly, routine serial follow-up MRI of NASA astronauts
after spaceflight should be implemented to determine if
ventricular volumes normalize after some time back on
Earth [15,16].

We also examined PVVC/yr in astronauts who pre-
sented with SANS, a constellation of clinical findings in
astronauts that some have likened to IIH in terrestrial
patients [11]. We found that in our cohort, the PVVC/yr
in the astronauts with SANS was not significantly different
from their matched controls while the greater PVVC/yr



Fig. 1. Annualized PVVC (total all ventricles). The boxplots show the median (horizontal line), IQR (the box), 1.5x the IQR (the whiskers), and outliers (dots).

Fig. 2. Annualized total ventricular volume change (ml/yr). The boxplots show the median (horizontal line), IQR (the box), 1.5x the IQR (the whiskers), and
outliers (dots).
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increase overall in the astronaut group appeared to be dri-
ven by the subset of astronauts without SANS. This finding
suggest that some astronauts may not be susceptible to
increased ventricular expansion with spaceflight but that
5

in itself makes them vulnerable to SANS. This finding
may contribute to hypotheses concerning the underlying
etiology of SANS to be explored further in future studies.
For example, it has been hypothesized that in astronauts



Table 3
Annualized ventricular volume change for individual ventricles in PVVC/yr.

Group n p-value vs ISS p-value vs Control

Left Lateral Ventricle (PVVC/yr)

Median IQR Range MAD

ISS 18 7.95% 4.16% – 11.31% �0.02% – 18.51% 3.43
Control 18 3.00% �0.21% – 5.88% �5.85% – 7.81% 2.88 p < .001
Older Adults 79 4.77% 2.34% – 6.26% �2.36% – 11.87% 1.79 p = .004 p = 0.27

Right Lateral Ventricle (PVVC/yr)

Median IQR Range MAD

ISS 18 6.18% 3.79% – 8.98% �0.02% – 20.77% 2.49
Control 18 2.56% 0.80% – 4.43% �1.30% � 7.47% 1.68 p = .009
Older Adults 79 4.11% 2.57% – 6.91% �3.08% – 11.01% 2.15 p = 0.29 p = 0.10

3rd Ventricle (PVVC/yr)

Median IQR Range MAD

ISS 18 12.56% 8.26% � 15.84% �1.19% � 20.42% 3.52
Control 18 �0.75% �4.41% – 2.44% �18.39% – 4.19% 0.74 p < .001
Older Adults 79 2.97% 0.65% – 4.62% �4.51% – 81.11% 1.92 p < .001 p = .005

4th Ventricle (PVVC/yr)

Median IQR Range MAD

ISS 18 �0.98% �4.14% – 2.04% �5.83% – 3.62% 3.02
Control 18 0.05% �4.38% – 2.79% �14.70% – 11.10% 2.87 *omnibus p = 0.19
Older Adults 79 1.32% �2.09% – 3.10% �14.68% – 17.26% 2.54

Fig. 3. Annualized PVVC (total all ventricles) in SANS vs non-SANS astronauts. The boxplots show the median (horizontal line), IQR (the box), 1.5x the IQR
(the whiskers), and outliers (dots).
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the ventricles may act as buffer zones against the develop-
ment of SANS based on the viscoelastic properties of the
brain [6,15,17,18].

The physiology underlying ventricular enlargement in
astronauts and whether or not it represents a positive
6

adaptive process to spaceflight are unknown. Post-flight
MRI in space crews reveals no net brain tissue loss [19–
21]. Additionally, as described above, the ventricular vol-
ume changes are partially reversible after some time back
on Earth [3,4,6]. Therefore, we do not believe the
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ventricular enlargement in astronauts represents ex vacuo
dilatation associated with brain atrophy, but instead is the
result of altered CSF homeostasis from months-long expo-
sure to the spaceflight environment.

Spaceflight-induced ventricular enlargement reveals an
unsuspected gravitational dependency of CSF dynamics
[15]. Mechanistically, under gravitational stress in the
upright posture on Earth, intracranial pressure decreases
significantly and perhaps diurnal shifts in posture may play
an important role in maintaining normal CSF flow [22]. A
gravitational dependency has also been demonstrated for
proper functioning of the glymphatic system [23].

In this regard, spaceflight provides a unique insight into
the physiology of CSF flow. Further study of the ventricular
remodeling which occurs during spaceflight may help shed
light on thepathophysiologyof Earth-basedCSFdisorders of
the elderly such as idiopathic normal pressure hydro-
cephalus [15,21]. Additionally, our results have implications
for the brain health of bed ridden patients, who are dispro-
portionately elderly, and who, like astronauts, do not expe-
rience the daily shifts in gravitational gradientswhich occur
when moving between the supine and upright standing
positions.

Limitations of this study include the use of two different
field strength SiemensMRI scanners.However, for each sub-
ject, the same scannerwas used for bothMRIs. Additionally,
we believe the reported differences in ventricular volume
are much larger than reproducibility errors introduced by
differences inMRI scanners. A previous study [24] examined
the agreement between ventricular volume estimates
obtained on 1.5 and 3.0 Tesla Siemens scanners and ana-
lyzedusing the FreeSurfer toolkit as in our study. They found
mean volume differences of less than 1 ml in lateral ventri-
cle measurements on the two MRI systems with a bias
towards overestimation on the 1.5 Tesla system and close
to zero for scans performed two times on the same system
as in our study. The ventricular volume differences reported
here were beyond the 95 percent limits of agreement.
Another limitation is that during the 2.06 year median time
interval between pre- and post-flight MRI scans, astronauts
spent on average only 173.4 days in spaceflight on the ISS.

We chose to report both percentage changes in ventric-
ular volumes (PVVC/yr) in addition to absolute values (ml/
yr). The use of percentage change serves as an inter-
individual control for differences in brain and head size.

Here we found that NASA astronauts exposed to pro-
longed spaceflight experience an annual rate of ventricular
expansion which is more than three times that expected
from normal aging. Importantly, our study points to the
need for the inclusion of advanced MR protocols to further
explore the mechanisms underlying both the ophthalmo-
logical changes of SANS, the structural changes to the brain
experienced by astronauts on long-term missions to the
International Space Station, whether or not these changes
are clinically significant, and whether or not there is a
return to baseline after some time back on Earth. This is
particularly critical as NASA plans for future missions to
the Moon and Mars. In addition, to supporting the health
of NASA astronauts, these studies may contribute to a bet-
ter of understanding of CSF homeostasis benefiting
patients on Earth [15].
7
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