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Human space exploration is rapidly advancing, with long-term expeditions becoming more common.
Long-term space missions introduce prolonged exposure to microgravity and ionizing radiation,
which elicit stress responses throughout many organ systems. As the cerebrovascular system is
responsible for regulating blood flow to the brain, it is imperative to understand the effects of the space
environment on the cerebrovascular system. Cerebrovascular alterations are also linked to
neurological diseases such as Alzheimer’s Disease, Parkinson’s Disease, glaucoma, and stroke. This
systematic review evaluates the current literature to demonstrate that spaceflight conditions (actual or
ground-based analogs) can lead to changes in the cerebrovascular system at the network, cellular,
and molecular levels. These findings demonstrate differences and similarities between
cerebrovascular alterations due to the space environment and neurological conditions, highlighting
that the mechanisms behind the reversibility and readaptation to Earth following spaceflight could

inform treatments of neurological disease.

The cerebral vasculature refers to the complex network of blood vessels in
the brain that are essential for the proper delivery of nutrients and oxygen,
removal of waste and gas, as well as maintenance of the blood-brain-barrier
(BBB), all of which collectively preserve the brain in a proper homeostatic
state'. To enable proper brain operation and neuronal functioning, there
exists a high metabolic demand that needs to be satisfied via the delivery of
glucose and oxygen throughout the brain”. Through the arteries that branch
off from the large cerebral arteries down to the terminal arterioles and
subsequent capillaries, the many components of the cerebrovascular system
(CVS) actively monitor blood flow distribution and are responsible for
controlling various physiological factors at the network-wide and cellular/
molecular levels’. In this review, the network-level functions of the CVS to
be discussed include, but are not limited to, neurovascular coupling, cerebral
perfusion, cerebral vasoreactivity, and cerebral autoregulation. Such

network-level functions primarily modulate blood flow, tissue oxygenation,
intraluminal pressure, and flow velocityz.

Neurovascular coupling is the regulation of cerebral blood flow dis-
tribution in response to high neural activity and, consequently, high energy
demand®. This mechanism is altered in different neurological conditions,
including neurodevelopmental and neurodegenerative diseases™. For this
reason, clinicians and researchers utilize techniques like Blood-
Oxygenation-Level-Dependent Magnetic Resonance Imaging (BOLD
MRI), functional MRI (fMRI), and functional near-infrared spectroscopy
(fNIRS) to measure vasoconstriction/vasodilation in response to neuronal
activity, both under physiological and pathophysiological conditions’™. The
CVS also exhibits cerebral vasoreactivity, measured by changes in cerebral
blood flow before and after exposure to stimuli, such as vasodilators and
vasoconstrictors'*"". Early studies first looked if altered vasoreactivity could

"University of Nebraska Medical Center, College of Medicine, Department of Neurological Sciences, Omaha, NE, USA. 2Massachusetts General Hospital & Harvard
Medical School, Department of Neurology, Boston, MA, USA. ®University of Nebraska Medical Center, College of Medicine, Department of Cellular and Integrative
Physiology, Omaha, NE, USA. “National Autonomous University of Mexico, School of Medicine, Division of Postgraduate Studies, Subdivision of Graduates and
Continuing Education, Mexico City, Mexico. e-mail: kelly.stauch@unmc.edu; pbagher@unmc.edu

npj Microgravity | (2026)12:1 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00540-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00540-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00540-6&domain=pdf
mailto:kelly.stauch@unmc.edu
mailto:pbagher@unmc.edu
www.nature.com/npjmgrav

https://doi.org/10.1038/s41526-025-00540-6

Article

be a prognostic factor in patients with cardiovascular disease through
changes in the regulation of blood perfusion and blood flow to the brain'*™"*.
Fluctuations in the levels of both O, and CO, can also trigger a response; for
instance, low levels of O, (hypoxia) typically lead to vasodilation and low
levels of CO, (hypocapnia) typically lead to vasoconstriction'*'. Cerebral
autoregulation is a key functional property of the CVS, involving the active,
and not passive, capacity of blood vessels to sustain cerebral blood flow in
response to a range of different intraluminal pressures to prevent brain
hypo- or hyper-perfusion'""”. Cerebral autoregulation is now commonly
divided into two categories: static and dynamic'®". Static cerebral auto-
regulation involves the cerebral blood flow response to mean arterial blood
pressure changes at steady state or longer periods of time. Dynamic auto-
regulation refers to the measurement of these same parameters of blood flow
and pressure, over shorter periods of time and during more acute blood
pressure changes in which the response can be observed across seconds or
minutes’”". During disease state, such as traumatic brain injury (TBI),
altered autoregulation can result in a decrease in cerebral perfusion pressure,
this decrease can then further lead to a decrease in cerebral blood flow”. The
resulting diminished blood flow can subsequently cause ischemia, especially
in tissues affected by a moderate to severe TBI, ultimately worsening the
impact of the secondary injury’. Further, disruptions in cerebral auto-
regulation are not limited to TBI cases, as impaired cerebral blood flow
maintenance or delayed cerebral autoregulation have also been observed in
other neurological conditions like obstructive sleep apnea and
schizophrenia™**,

The effects that spaceflight has on the brain and the intracranial
compartment have been examined””, in particular, the relationship
between spaceflight and behavior”, neuronal injury”*”’, aging™, changes in
intracranial/intraocular pressure’ ™, and oxidative stress damage™. A
recent systematic review proposed variations in intracranial pressures as a
possible mechanism contributing to the ophthalmic changes that occur in
Spaceflight Associated Neuro-Ocular Syndrome (SANS)”, a condition
affecting roughly 70% of returning astronauts’”’. Moreover, studies like the
STS-90 Neurolab Spacelab mission provided a thorough evaluation of the
effects that spaceflight has on the brain and central nervous system. Overall,
the findings from STS-90 demonstrated changes to balance and postural
stability, sleep and circadian rhythms, and importantly, blood pressure
regulation and cardiovascular function following exposure to the space
environment™. The current systematic review aims to analyze and describe
the limited number of human and animal studies that have specifically
assessed the functional properties of the CVS in spaceflight or ground-based
analogs and provide context to this work using the more extensive literature
on neurodegenerative diseases. Since the changes that occur in the brain of
neurodegenerative conditions remain some of the most studied, and due to
the limited number of studies on the effects on spaceflight in the brain, this
review discusses the differences and similarities observed upon exposure to
spaceflight/ground-based analogs and neurological disease, highlighting
cerebrovascular alterations as a common brain response to stress. Impor-
tantly, no evidence has demonstrated that exposure to spaceflight condi-
tions leads to the onset of neurodegenerative or neurological conditions, nor
that is the intention of this review. Instead, we emphasize the distinct dif-
ferences and commonalities to provide insight into the use of spaceflight
research as another avenue of looking at cerebrovascular effects that can
improve our understanding of neurological conditions.

The cellular and molecular (microvascular) structures that constitute
the Neurovascular Unit (NVU), which maintain the BBB, are the drivers for
proper CVS functioning (Fig. 1A). The BBB allows for the appropriate
segregation of the brain environment from the rest of the body, where brain
endothelial cells (BECs), sealed through tight junctions, prevent the passage
of molecules and other foreign agents in and out of the CNS”. These tight
junctions were firstly described as tight, physical, and electrical barriers
connecting BECs which prevent circulating systemic components from
entering the brain environment™*'. Nevertheless, BECs are also equipped
with transport mechanisms that enable the selective exchange of nutrients,
minerals, and gases such as glucose, iron, and CO,, respectively, for

homeostatic maintenance of the CNS™. However, BECs alone do not
account for all the functional aspects of the BBB. As previously mentioned,
the BBB is primarily composed of the NVU, which collectively helps
maintain the integrity and function of the microvascular system. BECs are a
primary component of the NVU, along with pericytes surrounding these
BECs, the basal lamina, the lumen, and the astrocytic end feet that wrap
around the structure”. Within the NVU, pericytes and smooth muscle cells
modulate arteriolar, venular and even capillary contractility”™, regulate
BEC signaling through gap junctions”, and have an immune-cell-like
activity**™’. The basement membrane is the extracellular matrix that sur-
rounds the outside of the endothelia whose functions range from main-
taining cell polarity to proper exchange of intercellular molecules and
growth factors for cellular differentiation® . The vessel lumen is the space
that is surrounded by the internal side of the BECs’ cellular membrane,
where plasma and blood cells reside™. Lastly, a key component of the NVU
is the astrocytic end-foot that wraps around the structure to provide another
layer of segregation and tightness. Astrocytic end-feet also express water
channels, like aquaporins, in order to modulate water transport across the
BBB and monitor permeability’>*. Further, signaling interactions between
astrocytic end-feet and endothelial cells were described in early studies
characterizing the propagation of calcium waves between these two cell
types”. Since then, particularly as a response to disease, evidence has grown
demonstrating the exchange of pro-neuronal factors and endothelial growth
factors between astrocytes and endothelial cells for the protection and dif-
ferentiation of the NVU***. Therefore, evidence exists for an intricate
communication between all the components of the BBB. From endothelial-
endothelial signaling through gap junctions to the delivery of nutrients and
growth factors from the astrocytic end feet, these interactions help maintain
proper integrity and restrain the BBB from becoming more permeable® .

BBB disruption and damage to the NVU are quite prevalent in many
neurological diseases like Alzheimer’s Disease (AD), Parkinson’s Disease
(PD), Amyotrophic Lateral Sclerosis (ALS), and stroke™*****°. BBB damage is
primarily reflected by the disruption that takes place in the different com-
ponents of the NVUY. Specifically, damage to the BECs can lead to altered
expression of tight junction markers that help maintain the segregation
between the CNS and the periphery. This damage can further activate
certain adhesion molecules that then allow for the entrance of foreign factors
and/or cells, eventually leading to pro-inflammatory consequences within
the brain®. To date, the underlying mechanisms that lead to the observed
BEC damage have not been fully established, although several studies have
attributed this to systemic inflammation, neuroinflammation, and oxidative
stress””". Growing evidence suggests that BBB damage is not selective to a
particular neurological condition, but it is rather a general response to
certain stressors and/or disease states. For instance, one major factor in BBB
damage is oxidative stress, demonstrated in both the whole brain and
BECs’". Increased oxidative stress is known to occur in both neurological
conditions and spaceflight’>”*. However, in neurological conditions, oxi-
dative stress is thought to be driven by age-induced mitochondrial damage
or neuroinflammation’’, whereas oxidative stress in spaceflight is primarily
attributed to the high solar and cosmic radiation that is present in the
spaceflight environment. With this in mind, this review aims to identify,
analyze, and describe existing evidence on the effects that spaceflight con-
ditions have on the different components of the BBB, and to discuss the
differences and similarities that exist between the observed BBB alterations
in spaceflight and neurological conditions.

The field of space medicine has been important since the first human
exploration mission to the border of the Earth’s atmosphere, branching off
from the existing field of aviation medicine’’. Space medicine has rapidly
grown with the advancements in space exploration and the increased
number of crewed missions, such as those to the International Space Station
(ISS). Further, space medicine has recently gained more recognition”” and
has been defined as “The practice of all aspects of preventative medicine
including screening, health care delivery, and maintaining human perfor-
mance in the extreme environment of space and preserving the long-term
health of space travelers” by Pool & Davis, 2007*. Preliminary studies on the
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A. Cerebrovasculature and the Blood-Brain-Barrier
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Fig. 1 | Overview of the Neurovascular Unit and Space Medicine. A The Blood-
Brain-Barrier (BBB), composed of the Neurovascular Unit (NVU), is an essential
component of the cerebrovascular system which aids in the proper segregation of the
brain environment from the rest of the body. Primary factors that make up the NVU,
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from the outer-most layer to the inner-most, include astrocyte end-feet, pericytes,
basal lamina, brain endothelial cells, and lumen. B Space medicine aims to study,

prevent, and treat the effects that the space environment has on the different organ
systems. Created in BioRender. Estrella, L. (2025) https://BioRender.com/w06q989.

physiological effects that spaceflight has on the human body showed
changes in pulmonary and cardiovascular function®™, which have led
investigators to further explore the mechanisms behind space-induced
changes in not just the cardiovascular system, but also in other body systems
(Fig. 1B). Changes in the cardiovascular system, particularly fluid redis-
tribution, have been commonly studied when looking at the effects of
spaceflight**"*’. This fluid redistribution is characterized by the shift of body
fluid from the lower extremities to the upper body areas upon exposure to
microgravity. The methods used to study physiological adaptations can
vary, ranging from actual exposure to the space environment during a space
mission or trips to ISS, to ground-based analogs of microgravity and space
radiation. For humans, studies looking at actual exposure to the space
environment include measurements before, during, and after spaceflight. In
animal models, experiments are commonly performed upon arrival from
space exposure like returning from the ISS and thus is commonly referred to
as a “Live Animal Return” study. For simulated microgravity exposure in
humans, ground-based analogs such as body immersion and head down tilt
are amongst the most commonly applied*’. The method of body immersion
for simulated microgravity is commonly applied through either “wet” or
“dry” immersion. Briefly, wet immersion consists of collecting physiological
recordings from a subject at a fixed position for baseline and comparing
those same parameters when the subject is immersed in thermoregulated
water to create a neutrally buoyant environment, commonly with the water
level above the middle chest”. Dry immersion is analogous to water
immersion, with the difference that the water in which the subject is

immersed is covered with an elastic water-proof fabric”. In the head down
tilt (HDT) human microgravity analog, the subject is placed in a supine
position on a bed that is tilted at a specific angle that alters the vector of
gravitational force on the body, leading to physiological changes similarly
observed under microgravity conditions’””. While immersion techniques
and HDT experiments allow researchers to look at microgravity-like effects
on the human body while on Earth, the main limitation to these studies is
that gravity is still present. For instance, in the immersion models, the head
of the participant is not in the neutrally buoyant environment; and in HDT,
a gravity vector force remains present. Current ground-based human ana-
logs also fail to introduce other space environment variables, like space
radiation, primarily due to their invasive nature. To date, the only avenue to
obtain full exposure to the space environment is actual spaceflight. For
simulated microgravity in animals, particularly in rodents, lower extremity
limb suspension, or hindlimb unloading (HU)), is the rodent equivalent to
HDT and it is a common method used to simulate the physiological effects
that microgravity has on the animal body on Earth. HU consists of sus-
pending the lower part of the body, usually by a tail suspension or using a
pelvic harness at a fixed angle for a specific period of time in order to
recapitulate changes in body fluid redistribution, intraluminal pressure, and
blood flow””. Similar to the human-based analogs of microgravity, HU
cannot truly replicate microgravity and doesn’t account for the radiation
exposure in the space environment. Indeed, some measurements from HU
mice even show the opposite effect as those mice that experienced space-
flight, when compared to ground-controls”. However, animal models allow
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for exposure to simulated space radiation on Earth. For instance, analogs of
simulated galactic cosmic rays (GCRs), composed of different high-energy
and electrically charged nuclei, are used to expose pre-clinical animal
models to specific radiation dosages, enabling the study of their physiolo-
gical effects™””. NASA has also developed a ground-based GCR simulator at
the NASA Space Radiation Laboratory at Brookhaven National Laboratory,
allowing researchers to better understand radiation risks that astronauts
may encounter in future space missions'”. An important caveat for
experiments using the GCR simulator is that the total dosage of simulated
radiation is commonly given at one timepoint, rather than low doses over a
long period of exposure as occurs in actual spaceflight.

Among some of the major changes studied using these ground-based
analog tools are the effects that spaceflight has on the musculoskeletal,
cardiovascular, visual, vestibular, respiratory, and nervous systems'*'. Of
note, some of these homeostatic deviations are thought to be adaptations of
the human body that can readjust upon return to Earth'”'", although this
may not always be the case. The ability of the body to readapt to the pre-
flight state following return to Earth is a key distinction to point out between
spaceflight and neurodegenerative conditions. Neurodegenerative condi-
tions are known to be progressive and irreversible.

Pre-clinical studies using Live Animal Return animal models post-
spaceflight have investigated the effects that the spaceflight environment has
on neurodegeneration and in the progression of disease pathology. For
instance, Cherry et al. demonstrated that exposure to simulated space
radiation exacerbated both amyloid-beta pathology and cognitive decline in
a transgenic mouse model of Alzheimer’s Disease (AD)'”. However, it is
important to note that spaceflight did not induce the onset of AD pathol-
ogies, rather it exacerbated the existing pathology'”’. Regarding changes in
the cerebrovasculature, different research groups have initiated studies on
the neurological effects of spaceflight conditions, including their cere-
brovascular consequences, which will be discussed in this review.

Space exploration is on the rise, with ongoing missions to travel to the
Moon and Mars planned, which will extend the exposure time of astronauts
to the space environment beyond our atmosphere. NASA has also recently
released a list of hazards associated with human spaceflight'” (NASA.gov).
Notably, two major hazards mentioned in the list include ionizing radiation
and microgravity, which, thus far, have been the major environmental
conditions modeled in ground-based analogs of spaceflight. With this in
mind, new research has been focusing on the cerebrovascular changes of
spaceflight at both the network-wide and cellular/molecular levels, using
human and animal subjects. Despite being a relatively new topic in the field
of aerospace medicine, it is crucial to understand spaceflight-mediated
cerebrovascular adaptations and their potential neurological impact. The
purpose of this review is to examine the current literature relating to the
cerebrovascular adaptations and homeostatic disturbances that occur to
actual spaceflight or ground-based analogs and to compare and contrast
these effects with those observed in certain neurological conditions. This
review is intended to serve as a resource to expand the knowledge of this
emerging area of research and to highlight the potential contributions that
spaceflight research could have in the better understanding of brain
responses to neurological disease and vice-versa.

Results

Human studies

The human body and the effect that space has on such has been studied for
many decades. In the case of space-driven cerebrovascular changes, Dr.
Roberta Bondar pioneered this area of research as the first neurologist to
travel to space where she recorded cerebral blood flow changes while
onboard the STS-42 International Microgravity Laboratory (IML-1)'".
Much of Dr. Bondar’s groundbreaking work laid the foundation for the
studies detailed in this systematic review'” """, A total of 25 scientific pub-
lications were included in the final analysis focusing on studies involving
humans exposed to either actual or simulated spaceflight conditions. A
summary of the articles with their corresponding method of exposure to
spaceflight conditions, the sample size, sex, and a brief explanation of their

major findings is demonstrated in Table 1. Specifically, for studies exam-
ining dynamic changes in CSF, two records were found to meet the criterion
(Table 1—Section 1). These studies suggest that spaceflight leads to
enhanced CSF flow dynamics in two different methods of exposure, actual
spaceflight and a simulated microgravity via HDT"'*'"*. In numerous stu-
dies, exposure to real or simulated spaceflight conditions (Table 1—Section
2) led to a decrease in cerebral perfusion and cerebral blood flow
velocity'"*"'*. In contrast, Kawai et al. showed that simulated spaceflight
with HDT led to increased cerebral blood flow velocity'”. Additionally, five
records assessing intracranial pressure (ICP) and cerebral structure upon
exposure to spaceflight conditions were also included (Table 1—Section 3).
Notably, the ICP findings in astronauts following spaceflight, measured
non-invasively through a model estimating ICP via doppler-obtained
middle cerebral artery blood flow and tonometry-obtained arterial blood
pressure from the radial artery, did not reveal any significant alterations in
intracranial pressure'*. On the other hand, using otoacoustic emission
phase changes as an indirect measurement of ICP, Moleti et al. reported
increased ICP following spaceflight™. Therefore, published ICP estimates
following spaceflight vary, and warrant further development or refinement
of non-invasive measurement techniques for future studies. Structurally,
real or simulated microgravity was shown to lead to several changes to the
morphology of the central sulcus'”’, CSF spaces'”, and significant brain
displacements with altered tissue densities'**. Finally, while not statistically
significant, one study found a mild nominal increase of cerebral microbleeds
in astronauts after spaceflight'”. Lastly, six studies looked at changes in
cerebral autoregulation (Table 1—Section 4)**"'*". Interestingly, the studies
reported contradictory findings regarding whether cerebral autoregulation
is affected after simulated microgravity and/or spaceflight. One study
demonstrated altered responses to pressure changes following spaceflight'*,
while others showed preserved and even improved cerebral
autoregulation'”'”"’. More specifically, Blaber et al. categorized astronauts
based on the presence or absence of orthostatic intolerance and showed that
cerebral autoregulation is only altered in individuals with orthostatic
intolerance, and that those without orthostatic intolerance had preserved
autoregulatory function'””. Thus, these data suggest that when examining
cerebral autoregulation, it is necessary to consider if the subject falls within a
sub-population exhibiting orthostatic intolerance.

Animal studies

Since it still remains difficult to experimentally examine cellular and
molecular mechanisms without the use of invasive interventions, studies
using non-human models were also added to the inclusion criteria. This
addition resulted in 26 records. The summarized search results are pre-
sented in Table 2.1, Table 2.2, & Table 2.3, providing details on the models
that were used, the method of exposure to spaceflight conditions, the sex,
and the articles’ major conclusions. Of note, while many animal studies have
looked at physiological changes in animal models after exposure to simu-
lated ionizing radiation'**"'**, none of the studies retrieved for this systematic
review assessed for cerebrovascular changes in the context of jonizing
radiation. However, the studies of live animal return models presented here
can be considered to include exposure from both microgravity and ionizing
radiation.

The animal reports included in this review, particularly focusing on the
mitochondrial damage and oxidative stress that may result from exposure to
spaceflight conditions, were all conducted in rats using the hindlimb
unloading (HU) method to simulate microgravity. Based on the overall
conclusion from these studies, exposure to simulated microgravity leads to
significant increases in mitochondrial reactive oxygen species (ROS) levels
within rat cerebral arteries, particularly involving free radicals like super-
oxide anions. Further, reduced levels of antioxidant proteins were also
observed. Notably, stimulation with antioxidant treatments reversed the
observed disruptions, suggesting that ROS-induced mitochondrial damage
occurs' .

A total of 9 records were included for studies that found changes is
general cellular pathways within rat cerebral arteries. Interestingly, most of
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Table 1 | Human Studies: 25 Records

Study Reference Method of Exposure No. of Subjects  Sex Major Findings

1. Dynamic changes in cerebrospinal fluid: 2 records

(Zahid et al., 2021) Head Down Tilt (HDT) 15 7 Males Decreased CSF systolic peak flow and peak-to-peak pulse amplitude after HDT. Other
8 Females changes in arterial blood dynamics were also reported.
(Kramer et al., 2015) Post-Spacefligh 14 Not Discussed Post-flight increased CSF production rate and CSF maximum systolic velocity.

2. Changes in cerebral blood flow and velocity: 12 records

(Klein et al., 2019) Parabolic Flight 16 8 Males Decreased both mean arterial pressure and global electrocortical current density
8 Females activity. Increase in cerebrovascular conductance index.
(Yang et al., 2011) Head Down Tilt (HDT) 12 Males Increased HR. Decreased SV and CO. Increased levels of aldosterone and
angiotensin II.
(Roberts et al., 2021) Head Down Tilt (HDT) 1 6 Males Decreased cerebral perfusion, which was exacerbated in participants with SANS.
5 Females
(Serrador et al., 2000) Parabolic Flight & Head- 16 10 Males Decreased supine MCA blood flow velocity accompanied by decreased blood
Up Tilt 6 Females pressure.
(Ogoh et al., 2021) Head Down Tilt (HDT) 10 Males Decreased anterior cerebral arterial blood flow after long-term HDT, which was not
altered by jump exercise.
(Kramer et al., 2022) Lower Body Negative 9 3 Males Increased HR and decreased IJV area, IJV outflow fraction, cerebral arterial blood flow,
Pressure (LBNP) 6 Females and SV.
(Guillon et al., 2021) Dry Immersion (DI) 9 Males Decreased regional cerebral blood flow within specific cortical and subcortical brain
regions.
(Fournier et al., 2025) Post-Spaceflight 27 20 Males Unchanged MCA blood flow velocity. Increased post-spaceflight carotid artery
7 Females stiffness and cerebrovascular pulsatility.
(Kawai et al., 1993) Head Down Tilt (HDT) 8 Males HDT led to increased CBF velocity by elevating intracranial arterial pressure. During

recovery, CBF velocity values dropped lower than pre-HDT, which may be the reason
for syncope in astronauts post-flight.

(Kermorgant et Head Down Tilt (HDT) 12 Males Decreased CBF velocity after HDT, which was restored during recovery period. No
al., 2022) change in pulsatility index during HDT, but a reduction was observed at recovery.
(Kramer et al., 2017) Head Down Tilt (HDT) & 6 Males Decreased CBF under both ambient and CO,. Authors hypothesized that the observed
CO, exposure decrease in CBF may be due to increased arterial and/or venous resistance and/or
reduction in arterial-venous pressure.
(Strangmanetal.,2017)  Head Down Tilt (HDT) & 6 Males Increased CBF pulsatility with a trend towards further increase under 0.5% CO,, when
CO, exposure compared to control.

3. Disruptions of intracranial pressure and cerebral structure: 5 Records

(Iwasaki et al., 2021) Post-Spaceflight 11 10 Males No major increase in non-invasively-measured intracranial pressure after spaceflight
1 Female mission.
(Roberts et al., 2017) Post-Spaceflight 18 Not Discussed Narrowing of the central sulcus, upward shift of the brain, and narrowing of the CSF
spaces at the vertex using MRI. Changes mainly after long-term spaceflight.
(Burles et al., 2024) Post-Spaceflight 16 9 Males Total microbleed count was increased postflight, primarily in frontal and temporal
7 Females lobes. However, these changes did not reach statistical significance.
(Moleti et al., 2024) Post-Spaceflight 5 Not Discussed Increased intracranial pressure under prolonged microgravity exposure using changes
to otoacoustic emission phase as a proxy to changes in pressure.
(Roberts et al., 2015) Head Down Tilt (HDT) 8 5 Males Significant brain displacement in the inferior-to-posterior direction. Evidence of altered
3 Females brain tissue density, which showed different effects depending on brain region.

4. Changes to autoregulation and cerebral blood pressure: 6 Records

(Zuj et al., 2012) Post-Spaceflight 7 6 Males Reduced cerebral vascular response to changes in BP at the middle cerebral artery and
1 Female reduced CO, reactivity. Indications of impaired dynamic autoregulation.

(Iwasaki et al., 2007) Post-Spaceflight 6 Males Human cerebral autoregulation is preserved, and possibly improved after spaceflight.

(Fois et al., 2024) Head Down Tilt (HDT) & in 6 Males Activation of cerebral autoregulation to preserve cerebral blood flow changes. Mean
silico HDT arterial pressures were elevated, including eye arterial pressure.

(Kermorgant et Head Down Tilt (HDT) 12 Males Dynamic cerebral autoregulation is improved after HDT in healthy subjects. No

al., 2019) changes to BP but a significant increase in heart rate.

(Louwies et al., 2024) Head Down Tilt (HDT) 19 Males Mean arterial blood pressure at the level of the MCA was increased and restored at

recovery period. Other cerebrovascular changes were reported. None of these
changes were reversed by administering antioxidant countermeasures.

(Blaber et al., 2011) Post-Spaceflight 27 20 Males Cerebral autoregulation was preserved in astronauts without orthostatic intolerance.
7 Females However, astronauts with orthostatic intolerance were unable to autoregulate cerebral
blood flow. Further, it was found that female astronauts may be more susceptible to

developing post-flight syncope.

Summary table of the articles that met the inclusion criterion for human studies. Abbreviations: CSF: Cerebrospinal fluid, HDT: Head-Down Tilt, LBNP: Lower Body Negative Pressure, HR: Heart Rate, CO:
Cardiac Output, SV: Stroke Volume, SANS: Space-Associated Neuro-ocular Syndrome, MCA: Middle Cerebral Artery, IJV: Internal Jugular Vein, BP: Blood Pressure, MRI: Magnetic Resonance Imaging,
CBF: Cerebral Blood Flow.
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these reported changes related to calcium homeostasis, suggestive of
alterations after exposure to simulated microgravity'”~'*. Other cellular
mechanisms that were found to be changed included the activation of DNA
repair mechanisms and disrupted autophagic functions after real spaceflight
exposure' >,

Regarding changes in cerebrovascular mechanical properties, a study
demonstrated that cerebral vasoreactivity was altered after spaceflight
conditions, accompanied by the onset of hypertrophic arterial structural
changes such as increased thickness and cross-sectional area'*. A common
finding across multiple studies and vessel types was that spaceflight con-
ditions lead to decreased vasodilation and/or increased vasoconstriction due
to dysfunction in endothelial nitric oxide synthase pathway'”~'’. Another
common measure is the myogenic response, which is characterized by the
increase or decrease in the diameter of vessels upon a decrease or increase in
the intraluminal pressure, respectively'®'"'®. Here, two studies reported
decreased myogenic vasoconstriction in isolated vessels from HU'* and live
animal return models”.

For BBB alterations, it was found that animals exposed to real space-
flight conditions exhibited altered BBB and blood-retinal-barrier (BRB),
reflected by the reduction in the expression of brain endothelial cell tight
junctional proteins. Additionally, BBB permeability appeared to be
increased, and these major findings were correlated to an increase in ROS
levels within the brain'®™'®.

Discussion

The cerebrovascular system plays a pivotal role in maintaining brain
homeostasis, which can be impaired by environmental changes like expo-
sure to spaceflight conditions. Cerebrovascular impairments, be it network-
level changes like blood flow velocity or cellular and molecular changes like
BEC tight junction damage, can lead to downstream detrimental effects in
the brain. In this review, the overarching goal was to identify existing evi-
dence demonstrating that spaceflight (actual or simulated) conditions can
induce changes in the cerebrovascular system, including at the network-
wide and cellular/molecular levels. Furthermore, we identified differences
and similarities between CVS changes observed in spaceflight and in neu-
rodegenerative diseases. Network-level cerebrovascular changes as defined
in the current review, included articles analyzing changes in blood flow
dynamics, velocity, circulation, and cerebral autoregulation.

Further, we reported on existing evidence regarding cellular and
molecular changes such as altered vessel mechanical properties, blood-
brain-barrier disruptions, and dysregulation of molecular pathways like
those involved in Ca’" homeostasis within the cells that makeup the NVU.

We examined evidence from 25 scientific articles using human subjects
to study the effects that spaceflight conditions have on the cere-
brovasculature. Our interpretation of these data is that significant changes in
the CSF fluid dynamics and fluid production occur in space. Evidence
suggests that an increase in post-flight CSF production occurs, likely as a
compensation from the drastic fluid shift that takes place upon returning
from space. That is, during spaceflight, increased ICP and the upward shift
in fluid may lead to downregulated CSF production'>'¥". However, upon
return to Earth, the drastic downward shift in fluid and ICP rebalance
appears to trigger a compensatory stimulation of CSF production'”. While
not discussed in the identified studies, we anticipate that this observation in
post-flight upregulation of CSF production would eventually readjust to
pre-flight production levels, as the body would readapt to Earth conditions.
Although not explicitly identified in the literature search for the current
review, the glymphatic system, which covers a network of passageways by
which the brain clears waste and maintains proper perivascular space
volumes may emerge as an important player in CSF homeostasis in
spaceflight'®. As glymphatic dysfunction could become a potential con-
tributor to changes in CSF'®, studies have demonstrated enlargement of
perivascular spaces in both neurological conditions and after long-term
spaceflight'”*"”, highlighting that glymphatic alterations can disrupt CSF
dynamics and could contribute to increased ICP. Decreased cerebral per-
fusion, regardless of its cause, can result in alterations in the levels of

Lowered IOP. Increased retinal and vascular endothelial cell apoptosis associated with activation of cell death pathways.

Disrupted BRB permeability and structural integrity.
Increased oxidative stress and apoptosis. Disrupted BBB permeability and structural integrity within the hippocampus and

Decreased myogenic vasoconstrictor responses and enhanced vascular distensibility accompanied by increased basilar
cortex.

Reduced endothelium-dependent vasodilation, altered cerebral artery distensibility, and lower pressure-diameter relations.
artery maximal diameter. No differences in medialwall thickness.

Disrupted mechanical properties that can lead to impaired cerebral perfusion and blood flow dynamics.

Major Findings

Males&Females
Live Animal Return

Sex
Males
Males

Method of Exposure

Live Animal Return
Live Animal Return
Live Animal Return
Live Animal Return

Animal Model

Mouse
Mouse
Mouse
Mouse
Summary table of the articles that met the inclusion criterion for animal studies looking at dysregulations in cellular mechanisms. HU: Hindlimb Unloading. VCAM1: Vascular cell adhesion molecule 1. eNOS: Endothelial nitric oxide synthase. IOP: Intraocular pressure. BBB:

2. Arp3: Actin-related protein 3. BMAL1: Brain and muscle Arnt-like protein 1. miR103: MicroRNA 103. Cav1.2: Voltage-gated calcium channel L type 1C subunit. BBB: Blood-Brain-Barrier. * Only study that was included in which neither human nor animal studies were
Blood-Brain-Barrier.

used, but rather human cell lines.

Summary table of the articles that met the inclusion criterion for animal studies looking at mitochondrial damage and oxidative stress. Abbreviations: NADPH: Nicotinamide adenine dinucleotide phosphate. Nox: NADPH oxidase. PERK: Protein kinase RNA-like
endoplasmic reticulum kinase. elF2a: Eukaryotic Initiation Factor 2 alpha. ATF4: Activating Transcription Factor 4. CHOP: C/EBP homologous protein. ROS: Reactive Oxygen Species, MDA: Malondialdehyde, mPTP: Mitochondrial Permeability Transition Pore, HU:

Hindlimb Unloading, HIF-1: Hypoxia-Inducible Factor 1., mtDNA: Mitochondrial DNA, vSMCs: Vascular Smooth Muscle Cells.
Summary table of the articles that met the inclusion criterion for animal studies looking at dysregulations in cellular mechanisms. HU: Hindlimb Unloading. Rac1: Ras-related C3 botulinum substrate 1. Wave2: Wiskott-Aldrich-Syndrome-family verprolin homologous protein

Table 2 (continued) | Animal Studies

Study Reference
(Sofronova et al., 2015)
(Taylor et al., 2013)
(Mao et al., 2019)

(Mao et al., 2020)
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cerebrovascular disruptions
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Fig. 2 | Questions yet to be answered regarding the positive feedback loop that
may exist during spaceflight. Spaceflight-induced cerebrovascular disruption could
lead to further damage to the brain microvasculature, which can compromise the
BBB structural integrity and increase its permeability, allowing foreign molecules
and peripheral immune cells to enter the brain and produce a pro-inflammatory

Astrocyte end foot
Pericyte

Basal lamina
Lumen

Endothelial cell

Damage to the
Neurovascular Unit

Increased BBB permeability & peripheral
immune cell infiltration

response. The formed pro-inflammatory response can further disrupt the cere-
brovasculature and give rise to a continuous detrimental cycle. How these physio-
logical disruptions could be reversed following re-entry could be the key to treatment
of neurological conditions on Earth. Created in BioRender. Estrella, L. (2025) https://
BioRender.com/w06q989.

oxygenation and nutrient delivery to the brain'”. These vascular effects are

similar to those observed in certain neurological conditions, like AD, in
which blood perfusion and dynamics are known to be altered'””*. Of note,
some of the observed changes in blood flow dynamics due to spaceflight are
adaptations that have shown to be reversible in some cases'*"'"”*; whereas in
AD, these become exacerbated as the disease progresses. With this in mind,
questions remain to be answered, like whether space-induced network-wide
cerebrovascular changes could have a detrimental effect in the brain
microvasculature at the cellular/molecular levels, where a subsequent cel-
lular response can lead to further disruptions and the onset of other
pathologies like neuroinflammation. Thus, a positive feedback loop could
exist between continuous network-level vascular disruptions and cellular/
molecular stress responses (Fig. 2). Two articles looking at ICP changes were
also identified and reviewed™'*. Here, Iwasaki et al. concluded that long-
duration spaceflight does not lead to a systematic or consistent increase in
postflight ICP'*, whereas Moleti et al. reported an indirect increase in ICP
during spaceflight'”. A possible reason for these inconsistencies is the dif-
ferences in measurement timepoints and techniques used to determine ICP.
Iwasaki et. al. used a doppler-obtained middle cerebral artery blood flow and
tonometry-obtained arterial blood pressure from the radial artery to esti-
mate ICP", whereas Moleti et al. used the indirect relationship between
otoacoustic emission phase changes and ICP'*. Furthermore, Iwasaki et al.
reported preflight and postflight measurements'*’, whereas Moleti et al.

showed data from preflight, during spaceflight, and postflight'”. Indeed,
Moleti et al. did not see any changes between preflight and postflight
measurements, just as Iwasaki et al. reported™'*’. However, the postflight
measurements from Moleti et al. appeared to be the consequence of a rapid
decrease, arguable readaptation to Earth, from the reportedly elevated in-
flight ICP'*. Based on the findings from both Iwasaki et al. and Moleti et al.,
we can infer that ICP likely increases during spaceflight and rapidly
decreases back to baseline, possibly even lower than baseline, upon return to
Earth. Collectively these data further highlight the importance of in-flight
measurements, as rapid adaptation to gravitational forces on Earth could
mask changes that occur on orbit. Another important area of research looks
at changes in intraocular pressure (IOP), which are also known to play a key
role in the pathophysiology of other neurological conditions, particularly in
glaucoma'’*'””. Findings from investigations of space-induced IOP changes
could contribute to the better understanding of the relationship between
IOP changes and neuro-ophthalmic disease.

In human studies looking at cerebral autoregulation and cerebral blood
pressure, there were some contradictory findings. Iwasaki et. al. showed, by
examining pre-flight (73-24 days before flight), in-flight (16 days), and
post-flight (1-5 days after landing) data, that cerebral autoregulation is
preserved and possibly even improved after space exposure'”'. On the other
hand, Zuj et. al. showed, by examining pre-flight (36—22 days before flight)
and post-flight (3 h-2 days) data, that cerebral autoregulation is altered after
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space exposure through reduced cerebrovascular responses to changes in
blood pressure'”. While the pre- and post- flight timepoints were relatively
similar, as well as the age of the participants in each study (40 + 2 years in
Iwasaki et. al. and 48 + 4 years in Zuj et. al.), the major difference between
these studies was the time of exposure to the space environment. Iwasaki et.
al. performed the studies after the Neurolab 16 day space shuttle mission,
whereas Zuj et al. focused on the effects of space after a long-duration
exposure of 147 + 49 days on orbit. The difference in mission duration may
explain the contradictory findings from each study and may suggest that
cerebral autoregulation is only impacted following long-term exposure to
the spaceflight environment. Nevertheless, using the HDT analog of
microgravity, Fois et al. and Kermorgant et al. showed an activation and
improvement of cerebral autoregulation after HDT, respectively'**'*,
concurring with the findings from Iwasaki etal."”' Perhaps the inconsistency
in the cerebral autoregulation results between the various space and ground-
based studies lies in the findings from Blaber et al., in which autoregulation
was measured in astronauts with and without orthostatic intolerance fol-
lowing spaceflight'”. Blaber et al. found that astronauts without orthostatic
intolerance had preserved autoregulatory function'”, just as shown by
Iwasaki et al.””', Fois et al."”, and Kermorgant et al.'”’. However, astronauts
that experienced orthostatic intolerance showed impaired cerebral auto-
regulation, similar to the reports from Zuj et. al."*". The findings from Blaber
et al. highlight that orthostatic intolerance and cerebral autoregulatory
alterations may go hand-in-hand. In other words, an astronaut that
experiences orthostatic intolerance may be more likely to exhibit altered
cerebral autoregulation when on orbit.

Several of the animal studies from this systematic review corroborate
the changes in blood pressure observed in human spaceflight studies and
inform the cellular and molecular pathways responsible for cerebrovascular
stress. Notably, using the HU model in rats, Xie, et al. observed that the
resting intracellular Ca>* concentration was elevated in vSMCs of the cer-
ebral artery'”. It was proposed that this elevation was reflective of slight
depolarization of the membrane potential, coinciding with observed
increases in L-type calcium channel and BKc, channel currents and reduced
K, channel currents. Strikingly, these results were consistent with sponta-
neously hypertensive rats, suggesting a component of cerebrovascular stress
in spaceflight could be due to sustained elevations in intraluminal pressure.
A follow-up study where HU was interrupted once a day for 1 h, through
stationary standing, was sufficient to partially mitigate these stress effects',
suggesting the impact of pressure changes and stress associated with
unloading are reversible, however the length of exposure may be a critical
variable. Work from Taylor et al. demonstrated an increase in maximum
vessel diameter and reduced spontaneous tone in exteriorized basilar
arteries from live animal return mice, compared to ground controls”. Since
the myogenic response is an important component of cerebral
autoregulation'”®, these data suggest that mice exposed to the space envir-
onment display a level of autoregulatory dysfunction, in line with human
studies in astronauts"*"**. Since the mechanisms underlying autoregulation
are more straightforward to study in exteriorized pressurized arteries from
rat and mouse models, studying the cerebral vasculature in rodents provides
a good model for probing what cellular signals may be changing in space-
flight. These mechanistic insights could contribute to our understanding of
autoregulation alterations in astronauts.

Overall, studies in humans, corroborated by animal studies, have
provided evidence, primarily at the network-level of the cere-
brovasculature, that exposure to the spaceflight environment leads to
changes including cerebral blood flow dynamics, pressure, fluid shifting,
and the ability to respond to pressure changes. Despite this, it is currently
difficult to differentiate between reversible and irreversible effects of
spaceflight. While studies have demonstrated that astronauts are able to
generally recover from the stress of spaceflight, the scope and degree of
the lasting effects, such as increased incidence of cardiovascular disease,
remain controversial”*'*'. Regardless, astronauts are considered at risk
for permanent ocular and auditory damage'**'*, which are adjacent to
cerebrovascular dysfunction.

Perhaps the most thorough study on the lasting effects of long-term
spaceflight is the “NASA Twin Study,” in which one man went on a year-
long space mission, while his twin brother remained on Earth'*. Before,
during, and 6 months after the spaceflight mission, a wide array of samples
were collected to observe acute and chronic changes of long-term space
exposure. Compared to the twin that remained on Earth, a variety of
measurements (metabolic, cellular, etc.) had changed in the spaceflight twin.
While many of these measurements returned to normal following 6 months
of recovery on Earth, there remained a surprising number of lasting effects.
Notably, investigators observed a decrease in cognitive function in the
spaceflight twin at the end of the 6-month observation period, consistent
with chronic cerebrovascular stress.

The reported changes discussed in this review are also shared with
certain neurological conditions, highlighting that these CVS alterations are
likely a more general response of the brain to stress. Further studies are
necessary to better understand the etiology of spaceflight-induced changes
in cerebrovascular function to be able to develop countermeasures for future
astronauts embarking on long-term space expeditions. Although some of
the vascular changes presented in this review are shared with neurological
conditions, the reversibility of many spaceflight-associated changes upon
readaptation to Earth make them distinct from neurological conditions,
which are typically progressive. For this reason, studying the underlying
etiology of spaceflight-induced changes and the factors that contribute to
reversibility could aid in understanding similar responses in the brain in
neurological disease, and identify potential therapeutic targets.

While studies in humans remain some of the most translatable data for
understanding the effects that spaceflight has on the cerebrovascular system,
animal studies have offered crucial mechanistic insights at the cellular and
molecular levels. The necessity for animal experimentation in the field of
space medicine research is primarily due to the difficulty that exists in
performing physiological measurements on humans in orbit. This review
presents some of the existing laboratory animal data demonstrating that real
or simulated spaceflight can induce changes in the mitochondrial oxidative
stress balance, alterations of cellular pathways (primarily Ca**-dependent)
in cerebral arteries, and disruptions in the structural integrity of the neu-
rovascular unit within cerebral arteries. The increased production of ROS
and increased oxidative stress in the brain are not exclusive to one disease;
rather, they are present as a pathology in many other neurological condi-
tions like Alzheimer’s Disease, Parkinson’s Disease, and Traumatic Brain
Injury'®. Interestingly, the data analyzed from the records collected for this
review concluded that exposure to spaceflight conditions leads to increased
oxidative stress and ROS-induced mitochondrial damage in cerebral
arteries. The reported space-induced mitochondrial disruptions'”"* sup-
port the idea that mitochondria within the brain are a vulnerable population
and highlights this organelle’s role in responding to alterations in brain
homeostasis, either due to an existing condition, like neurological disease, or
an environmental exposure, like spaceflight exposure.

Other collected studies in this review examined changes in cellular
pathways following exposure to spaceflight conditions and predominantly
found alterations to pathways related to Ca** homeostasis. Either observed
through changes in Ca*" storage or modifications in Ca’" current densities,
these types of deviations can lead to altered Ca’*-dependent signaling and
potentially give rise to other stress-induced mechanisms that can further
alter cells within the brain, like Ca®"-dependent cellular apoptosis'*’~*".

Lastly, records collected in this review were identified with evidence
demonstrating the effects that spaceflight conditions have on cerebral artery
mechanical properties. After analysis of the findings, the data suggest that
spaceflight leads to altered cerebral vasoreactivity and disrupted endothelial-
dependent vasodilation. Changes in endothelial vasoreactivity and vasodi-
lation may be related to the network-level cerebrovascular disruptions that
were reported in the human studies involving changes in cerebral blood flow
and cerebral perfusion. As previously mentioned, cerebrovascular altera-
tions may result in altered nutrient delivery and improper oxygenation to
brain tissue, subsequently triggering a stress-mediated response not only
from the cellular and molecular components of the microvasculature, but
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also from brain cells surrounding those affected brain regions. The BBB and
the BRB are critical components of the cerebral microvasculature, ensuring
the proper segregation of the nervous system from the rest of the body. Data
analyzed in this review from studies that evaluated the effects of spaceflight
to the components of the BBB and BRB demonstrated that exposure to the
spaceflight environment leads to disruptions of the structural integrity of the
BRB and the BBB, reflected by altered expression of the endothelial cell tight
junctions and an increase in permeability. Reported changes to the BRB and
alterations to cell viability pathways have been considered as some of the
molecular contributors leading to spaceflight-induced ocular impairment
and injury'®'®. Other studies have also proposed a multi-hit hypothesis
behind the etiology of SANS after identifying a higher incidence of SANS-
related pathologies in astronauts, and/or subjects under simulated micro-
gravity, who exhibited specific single nucleotide polymorphisms (SNPs) in
genes related to vitamin B,,-dependent one-carbon pathways and reduced
concentrations of folate (vitamin Bo)**'*’. This multi-hit hypothesis states
that genetics and B-vitamin status could be considered as two key factors
contributing to endothelial cell dysfunction and consequent ocular
impairment'”. That is, higher SNPs in one-carbon-related enzymes, like
methionine synthase reductase and serine hydroxy methyltransferase, as
well as compromised concentration of folate can lead to BEC dysfunction,
reflected by decreased nitric oxide synthesis and increased production of
ROS"Y. A very compelling study that further supports this multi-hit
hypothesis was the astronaut case report by Brunstetter et al. In this study, an
astronaut with a severe case of SANS, who exhibited one-carbon-related
pathway SNPs, showed a significant improvement in SANS-related
pathological measurements after administration of B-vitamin supple-
mentation and a reduction in cabin CO,™. Importantly, while the data
presented in Brunstetter et al. strongly align with the SANS multi-hit
hypothesis, the authors highlighted that no causative conclusions could be
made from a single report as these observations remained correlational, yet
it is worth further investigation™.

Disruptions to the BBB are a well-documented consequence of brain
stress, as it is in multiple neurodegenerative conditions'®. BBB disruption in
neurodegenerative disease often leads to immune cell infiltration and
neuroinflammation, which can worsen any prior damage present within the
brain. A similar process may occur during spaceflight. For instance, it has
been shown that BBB and BRB disruptions also occur in space'®*'’, pro-
viding strong evidence that stress-induced brain alterations, like those seen
in neurodegenerative disorders, are not unique to Earth-based conditions.
That is, BBB breakdown is known to be present in neurodegeneration,
which can allow for peripheral immune cells to enter the brain and trigger
the release of pro-inflammatory cytokines that can further damage the
brain’s microvasculature and allow even more immune cells to infiltrate,
creating a detrimental positive feedback loop that worsens neuronal and
glial cell injury. A similar process could potentially be mirrored in the BBB
disruptions observed in spaceflight (Fig. 2), which makes any readaptation
following ground recovery a novel area of research. The goal of this review is
to highlight that further understanding of the reversibility and readaptation
of BBB changes and other vascular alterations following spaceflight recovery
could provide new therapeutic insights for progressive neurological diseases
here on Earth. Further research in the field of space neuroscience could focus
on potentially identifying the mechanisms or molecular pathways that
trigger the reversibility and readaptation of these vascular alterations that
take place upon return to Earth after spaceflight. Thus, targeting such
pathways and stimulating their mechanisms of action could function as a
novel therapeutic strategy against vascular, or other, alterations that simi-
larly occur in neurodegenerative conditions.

An important limitation to highlight from this systematic review is that
the conclusions generated here come from a compilation of previously
published research works from different research groups, which are het-
erogeneous in nature. That is, while similar techniques and experimental
approaches were taken, the methodological variations, sample sizes, mission
duration, and experimental conditions may introduce inconsistencies and
affect the generalizability of the findings. Sex as a biological variable is

another important factor to consider. Having said this, the scarce number of
female subjects used in these studies, particularly in the animal studies, limit
how the conclusions drawn can be applied across sexes. Nevertheless, Blaber
et al. showed compelling results on the sex differences that exist regarding
changes to autoregulatory function, in which they concluded that female
astronauts may be more susceptible to developing presyncope, compared to
male astronauts'”.

Human space exploration is rapidly advancing, with scheduled mis-
sions planned for long-term explorations that will extend the exposure of the
human body to the hazards that come with the space environment. Space
medicine is an emerging specialty of medicine that stems from aviation
medicine, focusing on preventing, treating, and studying the effects that the
space environment has on the different physiological systems of the human
body. However, the cerebrovasculature remains a scarce area of study in
space medicine due to the challenges of collecting physiological data on
orbit, despite foundational research having been done in both humans and
animals. In this review, we identified existing evidence on the effects that the
space environment has on the cerebrovasculature, guided by the over-
arching hypothesis that there is existing evidence demonstrating that
spaceflight (actual or simulated) conditions can lead to changes in the
cerebrovascular system, including at the network-level and cellular/mole-
cular level. Based on a systematic collection of studies published up to the
year 2025, we report that evidence primarily demonstrates network-level
cerebrovascular changes in blood flow dynamics, CSF production, brain
structure, and cerebral artery structure. Further, cellular and molecular
changes have primarily been investigated using laboratory animal models,
and data from the collected studies in this review suggested that spaceflight
conditions (actual or simulated) lead to disruptions of the components
within the neurovascular unit. The primary mechanisms of disruption
pointed towards changes in Ca’* homeostasis, increased ROS levels, and
oxidative stress-induced mitochondrial dysfunction. We further expanded
on the differences and similarities between spaceflight-induced CVS
alterations and neurodegenerative-induced CVS alterations, not with the
intent to link spaceflight as a possible rout towards neurodegenerative
disease pathogenesis, but rather to highlight how the study of spaceflight-
induced CVS alterations and subsequent readaptation upon return to Earth
could contribute to a better understanding of how the CVS responds to
different stressors, be it spaceflight or neurological disease.

Methods

Two comprehensive searches of scientific articles were conducted. The first
search was performed in September of 2023 and included articles up to the
year 2023. The second search was conducted with updated keywords and
performed in September of 2025 to include articles up to the year 2025. In
both searches, a population, intervention, control, and outcomes (PICO)
search on Embase, an advanced search on PubMed, and an advanced search
on Google Scholar were used to extract the scientific articles used in this
review (Fig. 3).

2023 Literature search
For the PICO search on Embase, the parameters used for the studied
population were “Astronaut” OR “Cosmonaut” OR “Space Traveler.” For
the studied intervention, the terms used were “Space Flight” OR “Space-
flight” OR “Microgravity” OR “Cosmic Radiation” OR “Galactic Radiation”
OR “Simulated Spaceflight.” The outcomes or effects to be studied were
categorized by the terms “Cerebrovascular Disease” OR “Cerebrovascular
Damage” OR “Cerebrovascular Changes” OR “Cerebral Blood Vessel.” A
total of 57 results were obtained, of which 32 were full scientific articles
published in accredited journals, not including abstracts nor conference
presentations. Due to the scarcity of knowledge on this topic and the dif-
ficulty in obtaining relevant information related to this topic, it was decided
to include studies that covered not only humans but also laboratory animals.
Using the PubMed database, the advanced search criteria were devel-
oped based on the following terms: “Spaceflight” OR “Microgravity” OR
“Cosmic Radiation” AND “Cerebrovascular” AND “Cerebral Blood Vessel”
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Fig. 3 | PRISMA flow diagram illustrating the search strategy used to collect the articles included in this review.

NOT “Review”. The search results found 37 articles that met the specified
criteria. After further screening and removal of abstracts, reviews, and non-
full-text articles, 36 final publications were included for analysis to deter-
mine their relevance to the topic under discussion.

Finally, for the Google Scholar search, the parameters used in the
advanced search option were that the following terms should be present in the
title of the articles: “Spaceflight” OR “Microgravity” OR “Galactic Radiation”
AND “Cerebrovascular” OR “Cerebral” NOT “Review”. The search yielded a
total of 48 results, of which 46 were primary research scientific articles and not
scientific reviews or other non-full-text publications.

The search results from all three literature search platforms yielded a
total of 114 articles. After carefully going through relevance exclusion
screening for cerebrovascular-related studies only, based on the titles, the
abstracts, and excluding any duplicate articles in the search results from each
platform, a total of 31 publications were included in the final selection
(Fig. 3A).

2025 Literature search
For the PICO search on Embase, the parameters used for the studied
population were “Astronaut” OR “Cosmonaut” OR “Space Traveler.” For
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the studied intervention, the terms used were “Spaceflight” OR “Micro-
gravity” OR “Cosmic Radiation” OR “Simulated Spaceflight” OR “Space-
flight Model” OR “Space lab” OR “Space Shuttle” OR “Cosmic Ray” OR
“Galactic Radiation” OR “Space Radiation”. The outcomes or effects to be
studied were categorized by the terms “Cerebrovascular Disease” OR
“Cerebral Autoregulation” OR “Intracranial Pressure” OR “Brain Blood
Flow” OR “Brain Vascular Disease” OR “Cerebral Small Vessel Disease” OR
“Cerebrovascular Damage” OR “Cerebrovascular Disorders” OR “Brain
Pressure” OR “Intracerebral Pressure” OR “Cephalic Blood Flow”. A total of
137 results were obtained, and a PICO filter was applied to exclude reviews,
leaving 47 articles left for manual screening of abstracts, conference pre-
sentations, or other reviews not detected by the PICO filtering. A total of 35
articles were included at the end from the updated PICO search.

Using the PubMed database, the advanced search criteria were devel-
oped based on the following terms: “Spaceflight” OR “Microgravity” OR
“Cosmic Radiation” AND “Cerebrovascular” AND “Cerebral Autoregula-
tion” NOT “Review”. The search results found 40 articles that met the
specified criteria. After further screening and removal of abstracts, reviews,
and non-full-text articles, 19 final manuscripts were included.

For the Google Scholar search, the parameters used in the advanced
search option were that the following terms should be present in the title of
the articles: “Spaceflight” OR “Microgravity” OR “Cosmic Radiation” AND
“Cerebrovascular” OR “Cerebral Autoregulation” NOT “Review”. The
search yielded a total of 15 results, of which 8 were primary research sci-
entific articles and not scientific reviews or other non-full-text publications.

The search results from all three literature search platforms yielded a
total of 62 articles. After carefully going through relevance exclusion
screening for cerebrovascular-related studies only, based on the titles, the
abstracts, and excluding any duplicate articles in the search results from each
platform, a total of 30 publications were included in the final selection
(Fig. 3B).

Combined literature search results and further categorization
The combination of both 2023 and 2025 searches provided a total of 61
articles, of which 10 were duplicates (Supplementary File 1). Thus, a total of
51 articles were included in this review (Fig. 3C). To stratify the list of
articles, the 51 publications were classified into two general categories:
human studies and laboratory animal studies. After this general classifica-
tion, subcategories were established based on the frequency of conclusions
reported in the studies using humans and laboratory animals. In the case of
human studies, 25 scientific articles were subcategorized, including:
dynamic changes in cerebrospinal fluid (2 records), changes in cerebral
blood flow and velocity (12 records), disruptions in intracranial pressure
and cerebral structure (5 records), and changes of autoregulation and cer-
ebral blood pressure (6 records). For the 26 laboratory animal studies that
were analyzed, subcategories based on conclusions included: mitochondrial
damage and oxidative stress (8 records), dysregulation of cellular pathways
(9 records), and disruptions in cerebral vascular structure and the blood-
brain barrier (9 records).

Data availability
All data relevant to this study are included in the article or uploaded online
as supplementary information.
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