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Abstract

Long-term exposure to microgravity and space radiation leads to physiological and pathological changes in human biology. Pathological
neuro-ocular changes are collected under the name spaceflight-associated neuro-ocular syndrome. This review examines studies on the

effects of microgravity and space radiation on the ocular structures and their results. In addition, we discuss treatment methods and
hypotheses to reduce the effects of microgravity and space radiation on biological structures.
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Introduction

The space race began on October 4, 1957, when the Soviet
Union (USSR) launched the artificial satellite Sputnik 1,
followed soon after by the first animal and manned flights. At
present, space studies continue on the International Space Station
(ISS), which was built by joining modules brought together in
a collaborative project by the United States National Aerospace
Agency (NASA), Russian Federal Space Agency (Roscosmos),
European Space Agency (ESA), Canadian Space Agency (CAS-
ASC), and Japan Aerospace Exploration Agency (JAXA). The ISS
is an artificial satellite in low Earth orbit that can be inhabited
by humans. Thanks to the ISS, the number of long-duration
spaceflights such as low orbit flights and Moon missions is
increasing. This has also increased the number of people exposed
to space conditions. Space studies have revealed several problems
that affect human biology, such as low gravity, lack of atmosphere,
galactic cosmic rays (GCR), and solar energetic particles (SEP).!

Microgravity (MG) and space radiation constitute a major part
of these problems. Solutions to these and many other problems
are necessary to enable human beings to explore the solar system
and beyond.

GCR and SEP are an important problem affecting manned
space missions. GCR consist of high-energy protons, high-
energy ions, neutrons, gamma and x-rays, and secondary particles
formed as a result of particles colliding with spacecraft and
human tissues. These rays cause molecular bond breaks and
mutations in DNA, resulting in cell damage, tumors and tissue
degeneration, cataract, heart disease, central nervous system
damage, and acute radiation syndrome.” The effects of radiation
on human tissues can be investigated by examining dosimetric
results in people with occupational radiation exposure on Earth
and those participating in space missions, as well as radiation
dose information obtained from robotic exploration tools sent to
planets for research purposes. However, all of these are indirect
assessments. It should be noted that the detectors are silicone
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in structure. The annual radiation dose limit for people with
occupational radiation exposure on Earth is 50 millisievert
(mSv).> Although the ISS is slightly protected by Earth’s
magnetic field, the level of radiation exposure for humans in
the station was measured as approximately 200 mSv per year.*
According to data obtained by the radiation assessment detector
on the Curiosity space probe sent to Mars, the approximate
dose of radiation exposure incurred during the roundtrip flight
to Mars (2x180 days) and 500 days on the Mars surface was
calculated as 1.01 Sv.’ Radiation exposure on the surface of Mars
is greater than on Earth because Mars has a thin atmosphere
and no global magnetic field to deflect energy-laden particles.
According to results obtained in the Chinese Chang’e 4 robotic
mission to the Moon’s Von Kdrmdn crater, the daily GCR dose
on the Moon’s surface was found to be 2.6 times higher than the
daily exposure on the ISS.° Epidemiological data indicate that
exposure to 1 Sv of radiation increases the likelihood of cancer
development by 5.5%.% In this case, long-duration deep space
missions are many times over the current physiological limits.
Therefore, solutions must be developed to protect crew members
from space radiation.

Table 1 shows the upper limits for space radiation exposure of
tissues and organs determined by the International Commission
on Radiological Protection.”

Effects of Space Radiation on the Eye

Phosphenes

Astronauts in the Apollo program, a crewed lunar landing
project conducted between 1961 and 1975, noticed flashes of
light (phosphenes) in their eyes during deep space missions.
Flashes of light have also been reported by astronauts working
on the ISS. Research revealed that these phosphenes were the
result of GCR and SEP stimulating the retina, optic nerve,
and occipital cortex.*>!° Similar phosphenes are seen in ocular
oncology and in radiotherapeutic interventions applied to the
head and neck region."' In addition, cosmic rays entering at
certain angles can interact with the vitreous and cause bright
blue phosphenes through the Cherenkov effect.'” While few
astronauts have seen this type of phosphene, the more commonly
seen phosphenes are those that appear as moving or static white
dots or lines."*!* Chemical luminance due to radiation-induced
lipid peroxidation around photoreceptors has been shown to
form bioluminescent photons.”

Cataract Development

Mutations in the genes that control the transparency of
the intraocular lens'® lead to the development of apoptosis
cataracts in the germinal zone cells that provide crystalline
lens transparency.” Due to the high radiation doses involved in
deep space travel, studies are being conducted on the effects of
low- and high-dose radiation exposure on the crystalline lens.
According to results from phase 2 of the two-phase, 5-year
NASA Study of Cataract in Astronauts (NASCA), cortical
cataract progression rate was associated with space radiation dose.
However, there was no relationship between space radiation and
nuclear or posterior subcapsular cataract.'®

In a cohort study in which radiologic technologists exposed
to low-dose radiation (<100 mGy) were followed for an average
of 12.4-13.1 years, it was determined that the risk of cataract
development increased but not the risk of cataract surgery.”
Cortical cataract can cause glare and reduce visual acuity.
Therefore, further studies with longer follow-up periods are
needed to understand the effects of space radiation on cataract
development.

Effects of Microgravity on Ocular Tissues

Gravity is a natural phenomenon that causes one object to
move toward another. Despite the general belief that space is
devoid of gravity, some degree of gravity is present everywhere
in space. Gravity is the force that keeps the Moon in orbit around
the Earth, the Earth in orbit around the Sun, and the Sun in its
place in the Milky Way galaxy. The ISS orbits the Earth at a
distance of 400 km and a speed of approximately 27,743 km/h.
At this altitude, gravity is 90% of that present on the Earth’s
surface. The reason the ISS does not crash to the Earth despite
being subjected to 90% of Earth’s gravity is the high speed at
which it travels in orbit. As all objects in Earth’s orbit are in
a state of continuous free fall, the effect of gravity is not felt.
However, internal stress caused by tidal forces is not zero, as this
only happens in the complete absence of gravity. The term MG
refers to a free-fall state with very small tidal effects associated
with gravity.

Due to the high cost of conducting all biological studies in
an MG environment, various methods are used to create a similar
environment on Earth. These methods include dry immersion,
wet immersion, unilateral lower-extremity limb suspension,
head-down tile (HDT), supine bed rest, and Einstein’s elevator,
with HDT believed to best simulate the MG-induced cephalad
fluid shift.*

Table 1. NASA and ESA dose limits

Organ 30 days 1 year
Central nervous system 500 mGy 1000 mGy
Eye 0.5 Sv 18v
Circulatory system 250 mGy-Eq 500 mGy-Eq
Blood-forming organs 0.25 Sv 0.5 Sv

Skin 1.5 Sv 3 Sv

NASA: National Aeronautics and Space Administration, ESA: European Space Agency, mGy: milligray, Sv: sievert
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MG has serious adverse effects on human physiology. The
cardiovascular and musculoskeletal systems are particularly
affected. On Earth, blood pressure is higher in the legs and feet
because of gravity. However, hydrostatic pressure disappears in
the MG environment. As a result, arterial pressure equalizes
throughout the body. In addition, within a few minutes of MG
exposure, approximately 2 liters of blood shifts from the lower
part of the body to the cephalic region.”" At 1g, cephalic arterial
pressure is lower (approximately 70 mmHg), while the blood
pressure in the feet is higher (approximately 200 mmHg). In the
early stage of adaptation to the MG environment, redistribution
causes an increase in central blood volume. As a result, blood
pressure in the upper parts of the body increases, heart rate
decreases due to stimulation of neck baroreceptors, vasodilation
is observed, and mean arterial pressure decreases.”” In addition,
MG causes facial edema, diuresis, reduced plasma volume,
osteoporosis, sarcopenia, and kidney stones.?!?>%4

Another important problem caused by MG is vision
problems detected in astronauts participating in space flights.
This phenomenon increases as the duration in space increases.
Changes in visual function in astronauts were first reported in
the Mercury, Gemini 5, and Gemini 7 missions, and research on
the cause of this problem was immediately undertaken because
of its impact on astronauts’ health and missions.’

Some astronauts who participated in long-duration
spaceflights had neuro-ocular structural and functional changes
such as decreased visual performance, increased hypermetropic
refractive error (+0.5 to +1.75 D), papillary edema, cotton-
wool spots, posterior globe flattening and choroidal folds on
orbital magnetic resonance imaging (MRI) and ultrasound (US),
and retinal nerve fiber layer thickening on optical coherence
tomography (OCT).” The condition involving these findings
was later named spaceflight-associated neuro-ocular syndrome
(SANS). Here again, we would like to point out that cases
referred to as SANS were observed in people who had returned
to Earth after spaceflight and were examined at a gravitational
force of 1g. As the signs were similar to those of terrestrial
idiopathic intracranial hypertension (IIH), lumbar puncture
(LP) was performed and demonstrated borderline elevation in
cerebrospinal fluid (CSF) pressure.”> However, the reported
intracranial pressure values were the result of LP performed some
time after the astronauts returned to Earth. This may actually
make an elevated intracranial pressure seem lower. Therefore,
research is being done on methods that can be applied and
provide CSF pressure measurement in space.

Although there are some similarities between IIH and
SANS, there are also differences between the two conditions. For
example, none of the astronauts reported complaints of pulsatile
synchronized tinnitus, diplopia, or chronic headache. Although
some astronauts described a mild headache thought to be
associated with space adaptation syndrome, these headaches are
not similar to those seen in ITH. In addition, none of the astronauts
had a history of obesity or the use of drugs that cause elevated
intracranial pressure. While cotton wool spots are seen around
the optic nerve in ITH, they can also be widely distributed on the

retina in SANS. Papillary edema associated with ITH is bilateral,
whereas in SANS it is unilateral or bilateral and markedly
asymmetric.”® On orbital US, OCT, MRI, and computed
tomography, posterior globe flattening and CSF accumulation
in the subarachnoid space are more prominent in SANS than in
ITH.?%7% Posterior globe flattening is accompanied by choroidal
folds. A study examining the types of folds seen in ITH showed
that choroidal folds the least common.?” However, choroidal
folds are frequently seen in SANS. The choroidal folds seen in
SANS may be associated with anterior deformation (toward
the vitreous) of the peripapillary retinal pigment epithelium/
Bowman’s membrane layer due to optic disc edema or, as Newell
hypothesized, increased choriocapillaris layer thickness and
adhesions between the choriocapillaris and Bruch’s membrane.*
We believe this is why the choroidal folds cannot regress despite
resolution of the optic disc edema.

Various studies have demonstrated an increase in intraocular
pressure with acute exposure to simulated and actual MG

3132 Tater in flight it was observed that intraocular

environments.
pressure approached normal, pre-flight levels. Causes of this
increase in intraocular pressure following acute exposure may
include increased choroidal thickness, increased episcleral venous
pressure, and narrowing of the anterior chamber angle.?3%3°36
The reduction in intraocular pressure with chronic exposure
may be attributable to an increase in compensatory aqueous
humor drainage and a decrease in aqueous humor synthesis due

to dehydration.>*¥’

Theories Regarding the Pathogenesis of SANS

The first proposed theory is that intracranial pressure is
increased due to the displacement of blood from the legs to
the cephalic region during long-duration space flights. On
Earth, CSF is secreted from the choroid plexus and drains
into low-pressure cervical venous vessels. Although vascular
autoregulation stabilizes cerebral and optic nerve head artery
diameters, cerebral and jugular venous distension has been
demonstrated in HDT and MG environments.”® A Doppler
study conducted in the MG environment showed retrograde
internal jugular venous flow, which was reported to predispose
to thrombus formation.”” Reduced drainage of CSF into the
venous system due to spaceflight and cerebral venous expansion
and CSF displacement into the intracranial compartment may
increase intracranial pressure, and this pressure increase may
be transferred to the optic nerve sheath and lead to optic nerve
sheath expansion. This can result in axoplasmic flow stasis and
globe flattening, which also occurs in terrestrial ITH. The modest
increase in CSF pressure (28-28.5 cmHZO) observed in some
astronauts may support this hypothesis. Other risk factors for
elevated CSF pressure are resistance exercises, increased carbon
dioxide (COZ) level in the environment, high salt consumption,
and vascular hyperpermeability due to low levels of folate, which
regulates nitric oxide (NO) release associated with defects in the
vitamin B-12-dependent 1-carbon transfer pathway.*#!

There are several findings that may contradict the hypothesis
of MG-induced CSF pressure elevation. No astronauts have
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experienced chronic severe headache, temporary vision
obscurations, or diplopia. Although typical headache symptoms
are common in terrestrial ITH, complaints of headache are
less common in ISS astronauts and the pain differs from that
described in ITH. Temporary vision obscuration occurs at a rate
of 68% in terrestrial IIH, whereas no such complaint has been
reported in SANS to date. Similarly, diplopia can be seen in 30%
of patients with terrestrial IIH but has never been observed in
SANS.*

Patients with terrestrial ITH usually exhibit bilateral papillary
edema; unilateral papillary edema occurs at a rate of only
3-10%.%% In a study of 5 astronauts who participated in long-
duration spaceflight, it was observed that optic disc edema was
frequently asymmetrical (asymmetric in 1 astronaut, unilateral
in 2 astronauts, and symmetric in 2 astronauts). In another study,
an astronaut who developed unilateral disc edema because of a
previous spaceflight was reported to develop optic disc edema
again on the same side in the following spaceflight.* If disc
edema was caused by venous stasis associated with cephalad fluid
shift in MG, the edema would be expected to resolve quickly
once back in Earth gravity (1g). However, it has been shown that
in some cases this edema persisted for 6 months after returning
to Earth, while changes seen on OCT lasted for 630 days.”’ As
in terrestrial ITH, there is no marked increase in CSF pressure in
SANS. In addition, while optic atrophy develops as a result of
long-term papillary edema in IIH, optic atrophy after papillary
edema has not yet been reported in SANS. Another proposed
theory is the compartmentalization theory.?* According to this
theory, optic disc edema, optic nerve sheath expansion, and other
findings of SANS develop due to changes in the intraorbital
part of the optic nerve, independent of increases in CSF pressure.
The cul-de-sac-like anatomical junction between the intracranial
subarachnoid space and the orbital subarachnoid space may
cause disruption of CSF flow in the MG environment during
spaceflights. Chronic cephalad fluid shift in MG might disrupt
intraorbital CSF flow. Impaired orbital CSF drainage can lead to
optic nerve compartment syndrome due to CSF accumulation in
the optic nerve sheath within the orbit.”?” Cases of optic nerve
meningocele/dural ectasia are also thought to be associated with
congenitally disordered CSF circulation in the orbital section
of the optic nerve and subarachnoid space.***” The findings are
strikingly similar to SANS.

Another hypothesis involves MG-induced flow imbalance in
the glymphatic system of the optic nerve head.®* The hypothesis
regarding insufficient lymphatic drainage in the optic nerve head
due to MG was proposed by Thornton and Bonato. According
to this hypothesis, optic nerve edema and optic nerve sheath
expansion in astronauts are thought to be the result of blocked
optic nerve lymphatic flow. MG-induced lymphatic obstruction
may block CSF drainage in the subarachnoid space and cause a
localized pressure increase in the optic nerve. Elevated pressure
in the subarachnoid space may alter the translamina cribrosa
pressure gradient, directing Bruch’s membrane angle toward the
vitreous and resulting in compression of the lymphatic pathways
and blockage of the lymphatic drainage in the prelaminar region.
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As a result, various degrees of papillary edema can be seen
without an increase in intracranial pressure.’® Further studies
should be conducted in MG environments to examine the role of
the ocular glymphatic system in SANS.

Measures to Reduce These Effects

What options does someone have if they develop a visual
impairment in space? Would this jeopardize the mission,
especially on long-duration flights like to Mars? This possibility
is prompting space agencies to work on this issue. There are a
number of proposed solutions to mitigate space-related problems
encountered before landing on journeys to Mars and beyond.
Some of the suggested solutions related to MG, which is the
most important of these problems, are as follows:

The simplest way to create artificial gravity is through
centrifugal artificial gravity using centrifugal force. The gravity
(g) created by centrifugal force can be calculated with the formula,
g= ? x 7, where @ is the angular velocity and 7 is the radius
of the circle traveled. For a person subjected to centrifugal force,
the gravitational force applied along the head-to-foot axis (Gz)
is not uniform like the Earth’s gravitational force. The strength
of the Gz force varies according to the distance of the body parts
from the center. The same effect could be produced by rotating
the spacecraft, but this approach would not be logical because
it would cause motion sickness in astronauts due to Coriolis
forces.’" The length of the arm that creates the centrifugal force
will affect the spin rate; a shorter rotational radius requires faster
rotation, which causes motion sickness. Therefore, it would
be logical to extend the radius and reduce the rotation rate.””
To avoid these adverse effects of centrifugal artificial gravity
systems, linear artificial gravity systems (Turbolift) are also being
designed.” After understanding the effect of artificial gravity on
human physiology, the necessary dose and duration of artificial
gravity therapies should be calculated.

Another alternative method is to apply lower body negative
pressure (LBNP). The LBNP suit is designed to be worn
over the lower abdomen and legs at regular intervals while in
space to redirect blood into the lower body through negative
pressure. Macias et al.>® observed that applying 25 mmHg of
negative pressure to the lower extremities reversed the increases
in intraocular and intracranial pressure induced by simulated
MG (HDT). Another method employed to reduce the effects
of MG-induced cephalad fluid shift is venoconstrictive cuffs.
Similar to LBNP, their aim is to reduce venous return from
the legs to the heart.”? However, we believe it would be more
physiologically sound to ensure that pressure applied to prevent
venous return is distributed across the entire vessel.

To increase tolerance to orthostatic hypotension caused by
1.2g exposure during the return from space to Earth, studies
are being carried out on anti-G suits used by combat pilots,
which apply positive pressure to the lower extremities and lower
abdomen.”

Some researchers recommend the use of acetazolamide for
symptomatic cases of optic disc edema during spaceflight.
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However, it should be noted that this drug predisposes to
dehydration and kidney stone development and has an intraocular
pressure-lowering effect.”®

In terms of radiation, conventional shields of reasonable
thickness provide effective protection against SEP during space
missions, whereas thicker passive shields or active electromagnetic
shields should be used for high-energy GCR. However, these
methods are not practical. If shields of insufficient thickness
are used, secondary particles created by the interaction of GCR
with the atoms in the shield pose an additional health risk to the
crew. Therefore, studies on methods that can reduce the effects of
GCRs for long-duration space missions are essential.

In addition to aluminum for passive protection against
GCR, methods such as using shields containing high hydrogen,
carbon (graphite), or boric acid (boron), placing lunar regolith
in the body of the spacecraft, or storing spacecraft fuel around
the body can be used.>””*® Studies are also being conducted on
the feasibility of storing water and liquid waste between flexible
metals as a radiation shielding method.’®* After the Lunar
Reconnaissance Orbiter detected low magnetic fields regions on
the Moon’s surface, the possibility of establishing colonies and
facilities there is being evaluated.

Dietary countermeasures against the harmful effects of
reactive oxygen species formed by GCR include the use of
antioxidants and drugs such as vitamin A, vitamin C, omega-
3, and ferric- and hexacyanoferrate-containing Radiogardase

(Prussian blue).%061.62

Conclusion

Further research is needed to increase human resilience to the
conditions of space. Attempting to improve our understanding
of the physiopathology of SANS and the effect of radiation on
tissues will not only help people traveling in space, but also
elucidate the physiopathology of diseases seen on Earth. The
mechanisms of optic nerve supply and CSF circulation around
the optic nerve are still unclear. The MG environment has
demonstrated what can happen when fluid dynamics are altered.
These studies will enable us to better understand the fluid and
tissue dynamics of the optic nerve and develop novel approaches
to optic nerve diseases.
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