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Neuroplasticity = the brain’s 
ability to reorganize itself by 

forming new neural 
connections.



- Determine biomarkers of neuroplasticity by means of advanced
MRI techniques

- comparison of the brain before and after spaceflight

- Which specific regions of interest (ROI) are involved

- Relate insight to patients with vestibular dysfunction and the
elderly.

Objectives BRAIN-DTI
ESA project/Roscosmos – initiated in 2009
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Resting-state functional MRI

à Resting-state: no instruction

à Measure signal changes in time = timeseries

1 n

BOLD fMRI timeseries

à Timeseries acquired for each voxel

à Correlate timeseries between voxels

à Perform statistical analysis of connectivity 
profile between groups and/or timepoints 

Functional connectivity = correlation between the signal changes in 
time across distinct brain areas

Measure blood oxygenation as marker for neural activity
(blood-oxygenation level dependent: BOLD signal). Courtesy 
of Stefan Sunaert



Voxel

Preflight MRI
87 days (SD=32)

N = 15

Postflight MRI
R+9 days (SD=3)

N = 15

Follow-up MRI
R+237 days (SD=52)

N = 12

TIME
184 days in space

(SD=49)
Event

Preflight vs. post-flight postflight vs. follow-up

Recorded signal reflects 
biological information

Anatomical MRI Diffusion MRI Functional MRI

The BRAIN-DTI project overview
Preflight vs. follow-up

Background

Anatomy and volume Microstructure Functional connectivity
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Abstract To date, hampered physiological function after
exposure to microgravity has been primarily attributed to

deprived peripheral neuro-sensory systems. For the first

time, this study elucidates alterations in human brain
function after long-duration spaceflight. More specifically,

we found significant differences in resting-state functional

connectivity between motor cortex and cerebellum, as well
as changes within the default mode network. In addition,

the cosmonaut showed changes in the supplementary motor

areas during a motor imagery task. These results highlight

the underlying neural basis for the observed physiological
deconditioning due to spaceflight and are relevant for fu-

ture interplanetary missions and vestibular patients.

Keywords Microgravity ! Functional MRI ! Motor
behavior ! Cortical reorganization ! Vestibular cortex

Space-travelers face various stressors for their health.
These can be physical (e.g., microgravity, ionizing ra-
diation), habitability-related (e.g., noise, vibration), or
psychological (e.g., isolation, confinement) (Kanas and
Manzey 2008). Although humans mostly adapt to new
surroundings, it is not infrequent that some changes are
maladaptive with detrimental effects on different physio-
logical systems. To date, the somatic (mal)adaptations have
been extensively studied (for a review, see Buckey 2006).
However, to our knowledge, no MRI-based neuroimaging
study has yet been performed to assess neuronal function in
space-travelers. This study aimed at characterizing the
impact of long-duration spaceflight on brain function in a
single cosmonaut, measured by functional MRI.

A 44-year-old male cosmonaut had his first long-dura-
tion mission (169 days) to the International Space Station

(ISS) in 2014. During spaceflight, the cosmonaut strictly

followed the physical and locomotor training in accordance
with the Russian countermeasure system. His overall

physical performance showed no abnormalities according

to the Institute of Biomedical problems (IMBP, Moscow),
monitoring the health of the space travelers in the Russian

segment of the ISS. On the day of landing, the sensori-

motor assessment showed vestibular ataxia, indicating a
dysfunctional vestibular system and proprioception. Clin-

ical investigations 3 days postflight revealed continued

impairment of motor coordination, similar to earlier reports
(Paloski et al. 1993), but disappearance of vertigo. The
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Cortical reorganization after spaceflightA. Demertzi & A. Van Ombergen et al. Brain Struct Funct (2016).

Fig. 1 a The hypothesis-free exploration of connectivity changes (voxel-to-voxel 
connectivity analysis) indicated that, compared to preflight scan, at post-flight the 
cosmonaut had reduced intrinsic connectivity in the right insula and ventral posterior 
cingulate cortex. The figure summarizes the results for the right insula, as this region is a
critical part of the vestibular system.



Van Ombergen, Zu Eulenburg and Wuyts, 2018



Ventricular volume changes after spaceflight

Ref: Van Ombergen et al, Brain ventricular volume changes induced by long duration spaceflight, PNAS, 2019



14
Main findings Structural brain changes

Diffusion MRI analyses

Two other distinct effects

Fluid (CSF) redistribution Sensorimotor adaptation /
Neuroplasticity

Cerebro spinal fluid (CSF) 
volume redistribution

GM remodeling

Cerebellum Sensorimotor cortex Basal ganglia

(Jillings et al., Science Advances, 2020)



Diffusion MRI analysis N=18 cosmonauts pre and post flight, Increase FDC = Fiber Density and Cross section

Courtesy Ben Jeurissen



Brain MRI changes in astronauts & cosmonauts

¡ Narrowing of central sulcus and upward shift 
of the brain
(Roberts et al., NEJM 2017)

¡ Increase of the ventricular volumes
(Roberts et al., NEJM 2017, Roberts et al., AJNR, 2019,  Van Ombergen et al., 

NEJM 2018, Van Ombergen et al., PNAS 2019)

¡ ↑ pituitary deformation
(Kramer et al., Radiology 2020)

¡ White matter changes and redistribution of 
CSF
(Jillings et al., Science Advances, 2020)

CSF redistribution

Ventricular expansion



Upward brain shift

Courtesy Steven Jillings



Spaceflight-associated neuro-ocular syndrome (SANS)

¡ Optic disk edema 
¡ Refractive changes
¡ Infarcts in the nerve-fiber layer
¡ Cotton wool spots
¡ Retinal folds
¡ ~40-60% of NASA astronauts 

experience vision changes

Source: NASA Risk of Spaceflight Associated Neuro-ocular Syndrome Evidence Report 

Mader et al., Ophthalmology, 2011
Bogomolov et al., Aviakosm. Ekolog. Med., 2015



Perivascular spaces (PVS)
¡ Tubular fluid-filled structure around the blood vessels penetrating the brain parenchyma
¡ Clearance of waste products from the brain: the glymphatic system

Okudera et al, Neuropathology, 1999. 

Mestre et al, Clin Sci, 2017 



Study Design

¡ 3D T1-weighted MRI data 
(1mm isotropic resolution)

Ø 41 long-duration spaceflight on ISS
Ø 7 short-duration spaceflight on 

Space Shuttle
Ø 13 age-matched controls on Earth



PVS volume changes are higher in NASA ISS astronauts compared with Roscosmos
cosmonauts

Results



White matter PVS

Before 
long-duration spaceflight

After
long-duration spaceflight



Basal ganglia PVS

Before 
long-duration spaceflight

After
long-duration spaceflight



Subarachnoid space at the vertex (VSA)

Before 
long-duration spaceflight

After
long-duration spaceflight



Lateral ventricles (LV)

Before 
long-duration spaceflight

After
long-duration spaceflight



White matter PVS
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What is the difference between NASA and 
Roscosmos crew?



Borisenko Ryzhikov

Novitsky
Pesquet Whitson

Kimbrough



Hypothesis 1: Lower body negative pressure



ARED(advanced resistive exercise device)

Hypothesis 2





Take home messages

ØMicrogravity affects fluid redistribution in the brain.

ØMicrogravity affects the ventricles and perivascular space in the 

brain

ØThere is evidence for neuroplasticity (cerebellum,…) 

Ø Further research crucial to tackle SANS



Thank you to all participating cosmonauts and astronauts
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Thank you for your attention – any questions

Thomas Pesquet in the international space station

Thanks to all collaborators of this project

Thanks to all participating cosmonauts, pilots and volunteers

Thanks to the Prodex funding program of the Belgian Science Policy


