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ABSTRACT

Spaceflight associated neuro-ocular syndrome (SANS)
refers to a distinct constellation of ocular, neurological
and neuroimaging findings observed in astronauts during
and following long duration spaceflight. These ocular
findings, to include optic disc oedema, posterior globe
flattening, chorioretinal folds and hyperopic shifts, were
first described by NASA in 2011. SANS is a potential

risk to astronaut health and will likely require mitigation
prior to planetary travel with prolonged exposures to
microgravity. While the exact pathogenesis of SANS

is not completely understood, several hypotheses

have been proposed to explain this neuro-ocular
phenomenon. In this paper, we briefly discuss the current
hypotheses and contributing factors underlying SANS
pathophysiology as well as analogues used to study
SANS on Earth. We also review emerging potential
countermeasures for SANS including lower body negative
pressure, nutritional supplementation and translaminar
pressure gradient modulation. Ongoing investigation
within these fields will likely be instrumental in preparing
and protecting astronaut vision for future spaceflight
missions including deep space exploration.

INTRODUCTION

When astronauts are exposed to the microgravity
environment, multiple physiological changes have
been observed including bone density loss, skel-
etal muscle atrophy, and vision changes.! > Space-
flight associated neuro-ocular syndrome (SANS)
refers to the unique neuro-ophthalmic findings that
have been recently described in astronauts during
and after long-duration spaceflight (LDSF). The
imaging and clinical findings of SANS include optic
disc oedema (ODE), chorioretinal folds, hyper-
opic refractive shift, posterior globe flattening, and
total retinal and retina nerve fibre layer (RNFL)
thickening.’

In 2011, Mader et al. first reported the findings
of SANS including ODE, choroidal folds, globe
flattening, cotton wool spots, and hyperopic shifts
in astronauts after LDSE.* This initial description
of what is known today as SANS was subsequently
recognised in additional astronauts after LDSF*
(figure 1). After returning to Earth, ODE from
SANS may persist for months before complete reso-
lution.® In addition, the refractive error, choroidal
folds, and posterior globe flattening in SANS may
persist for years after returning to Earth and may be
permanent in some astronauts.’ *

," William Tarver,” Tyson Brunstetter, Thomas Henry Mader,
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SANS has been assigned a relatively high ‘Likeli-
hood and Consequence’ rating by NASA, indicating
potential risk to mission performance and astro-
naut health for LDSF, especially during extended-
duration (>1year) interplanetary missions. Thus,
mitigation strategies and further understanding of
SANS are high priorities for future exploratory
missions.” In this article, we review the different
hypotheses for the underlying pathogenesis of this
unique neuro-ophthalmic phenomenon. We also
discuss terrestrial analogues that are being used
to further understand SANS, as well as emerging
potential countermeasures that are being developed
to mitigate the effects of SANS for future space-
flight. Continuation of research in these fields will
be critical in reducing the risk of SANS for future
spaceflight missions.

PROPOSED PATHOGENESIS OF SANS

Intracranial pressure

The underlying pathogenesis of SANS is not
completely understood. However, several hypoth-
eses have been proposed to explain the pathophys-
iology of this neuro-ocular phenomenon. Initially
termed ‘Visual Impairment and Intracranial Pres-
sure’ (VIIP) syndrome, elevated intracranial pres-
sure (ICP) was originally hypothesised to be the
primary cause of ODE and other SANS findings.® ®
In the initial 2011 NASA report on seven astronauts
following LDSF, five astronauts were documented
to have a spectrum of ODE from grade 0 to grade 3
on the Frisén scale.” In the weightless environment
of microgravity, there is a loss of hydrostatic pres-
sure within the human body.” This peculiar physi-
ological phenomenon causes a cephalad fluid shift
which is thought to result in venous stasis within the
head and neck.* Parabolic flight and head-down tilt
bed rest studies, which serve as established terres-
trial analogues, have demonstrated an increased
internal jugular volume, further supporting venous
congestion during spaceflight.' ™' This conges-
tion may inhibit normal cerebrospinal fluid (CSF)
drainage and cause cerebral venous congestion,
both of which may lead to elevated ICP* Post-LDSF
lumbar puncture (LP) opening pressures in several
astronauts with SANS findings, including ODE,
have demonstrated mildly elevated ICP wvalues,
including 28 cm H,O and 28.5cm H,O following
12 days and 57 days, respectively, after returning
to Earth.* However, other astronauts with SANS
have had LP opening pressures that were normal or
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Pre-flight

L Choroidal folds

Optic disc edema

Figure 1  Pre-flight (top) and 30 days prior to return (R-30, bottom)
comparison on optical coherence tomography with R-30 showcasing
peripapillary wrinkles, choroidal folds, and optic disc oedema. Courtesy
of NASA.

borderline, including 21 cm H,O and 22cm H,O following 19
days and 66 days, respectively, after returning to Earth.* As an
invasive procedure, LPs have not been performed during space-
flight.'? Therefore, the true magnitude of the possible elevation
in ICP has not been documented during spaceflight and remains
an important knowledge gap.

Apart from ODE, astronauts do not display typical symptoms
and signs observed in idiopathic intracranial hypertension (IIH),
a terrestrial disease caused by increased ICP. Patients with ITH
usually complain of headache, pulsatile tinnitus, blurred vision,
diplopia (from non-localising sixth nerve palsy), or transient
visual obscurations,"”’ whereas SANS cases often report diffi-
culty with near vison, and they typically have no additional
complaints.* The clinical presentation of ODE also differs
between SANS astronauts and patients with IIH. Most patients
with ITH present with bilateral, symmetric ODE, whereas in the
first cohort of SANS astronauts, three out of the five astronauts
with optic ODE had an asymmetric or unilateral presentation.®*
These findings suggested that SANS may not be solely due to an
elevated ICR, thus the name “VIIP’ was subsequently changed to
‘SANS’ to encompass a broader scope for SANS pathogenesis® '*
Other factors including choroidal swelling," altered glymphatic
drainage at the optic nerve head,'® variations in optic nerve
sheath and brain elasticity,"” *® high carbon dioxide levels", and
defects in the vitamin B, —dependent one-carbon transfer path-
ways™’ may also play a role.

Compartmentation of the orbital ONS

As noted above, although ODE in most astronauts has been
largely symmetrical following LDSF, a small number of astro-
nauts have been documented with variable degrees of post-
mission ODE asymmetry. It is hypothesised that this ODE
asymmetry may result from variable increases in CSF pres-
sure within the perioptic subarachnoid space (SAS) caused by
a microgravity induced orbital SAS compartmentation.* One
report documented asymmetric ODE and globe flattening for
6 months following LDSF with LP opening pressures of 22 and
16 cm H,O performed 7 days and 12 months post-flight, respec-
tively.’ Although there is thought to be homogeneous pressure
and chemical composition within the SAS of the brain and orbit,

these findings suggest that an asymmetric increase in CSF pres-
sure within the orbital optic nerve sheath may occur in some
astronauts. The tightly confined, densely septated cul-de-sac-like
anatomical connection between the intracranial SAS and the SAS
surrounding the ON may create a fragile flow equilibrium that
may be impacted by the cephalad fluid shifts of LDSE.* This may
lead to an unequal sequestration of CSF surrounding the orbital
portion of the ON with or without elevated ICP.

Cytotoxic oedema

It has been hypothesised that there is an inflammatory or oxida-
tive stress pathway mechanism in SANS.?' Galdamez et al.
suggest that terrestrial cytotoxic oedema caused by venous stasis
may be a contributing mechanism for the optic disc oedema
observed in SANS. Venous stasis can lead to a disruption of meta-
bolic activity and cellular nutrient delivery, leading to impaired
ATP generation. This ATP depletion can lead to an inability to
maintain the low intracellular Na™ composition due to reduced
Na*/K* ATPase activity, leading to axonal oedema.”! ** In
addition, a molecular study involving mice during spaceflight
observed an upregulation of oxidative and stress response genes
in the retina, as well as B-amyloid in the nerve fibres of the optic
nerve.”? ?* An increase in oxidative free radicals can also inhibit
Na®/K* ATPase, as well as increase expression for proteolytic
enzyme matrix metalloprotease-9 (MMP-9), a key enzyme in the
disruption of tight junctions and degradation of the basement
membrane.”! ¥ The optic nerve head contains unmyelinated
nerve fibres that pass through the lamina cribrosa which requires
a relatively high ATP demand.?' ® Therefore, suspected venous
stasis during spaceflight may affect this area of high energy
demand and subsequently lead to local optic disc oedema seen
in SANS.

Ocular glymphatic system

The glymphatic system is a recently discovered brain-wide
clearance system in which CSF enters the brain via periarterial
channels and exchanges with interstitial fluid within the paren-
chyma.?”*® Under microgravity conditions, an elevation of orbital
optic nerve sheath pressure may occur due to a rise in ICP and/
or sequestration of CSF within the orbital SAS caused by long-
standing microgravity fluid shifts and variations in optic nerve
sheath anatomy and compliance.”’* This may lead to a reduc-
tion or reversal of the normally posteriorly directed translamina
cribrosa pressure difference. Wostyn et al. proposed a hypothet-
ical framework by which ODE in astronauts may at least partly
result from the forcing of higher pressure perioptic cerebro-
spinal fluid into the optic nerve and optic disc along perivascular
spaces surrounding the central retinal artery.”® Also, glymphatic
outflow from the eye into the optic nerve may be impeded under
prolonged microgravity conditions leading to fluid stasis within
the prelaminar region of the optic nerve head.'®

Choroidal changes during spaceflight

With advancing OCT imaging technology, it has been confirmed
that choroidal expansion occurs immediately on reaching micro-
gravity” ** and continues during LDSFE.* Peripapillary choroidal
expansion was even found to persist for between 30 and 90
days following LDSE.* As a possible explanation, Wostyn
et al. proposed that besides the rapid pooling of blood in the
choroid that occurs on entry into microgravity, there may be a
chronic accumulation of choroidal interstitial fluid in the peri-
papillary region during LDSFE.*® This interstitial fluid may take
many weeks to exit the eye through the previously discussed
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Pre-flight

Figure 2 Multicolor imaging pre-flight (left), 30 days prior to
returning to Earth (R-30, middle) and 4 days after returning to Earth
(R+4, right). Choroidal folds are noted in R-30 and R+4 (circled).
Possible protrusion of optic nerve head is also visible at R-30 and R+4.
Courtesy of NASA.

glymphatic clearance route and account for the slow recovery
of peripapillary choroidal thickness following spaceflight.*®
Also, using geometric models of the ONH, Feola et al. proposed
that peripapillary choroidal swelling and anatomy may impact
the formation of ODE." Given this information, Wostyn et al.
recently suggested that circumferential peripapillary interstitial
choroidal expansion may contribute to the ODE in astronauts.’’
Finally, chorioretinal folds in astronauts have been well docu-
mented since the original 2011 NASA report and are hypoth-
esised to result from choroidal expansion with hyperextension
of choroidal collagen lamella, increased optic nerve sheath pres-
sure and the associated mechanical effects of posterior globe
flattening, or a combination of these mechanisms®* (figure 2).

Cerebral blood volume pulsatility and genetic factors
While near-infrared spectroscopy (NIRS) may have future
applications for studying the glymphatic system in SANS, this
non-invasive modality has been actively used to investigate
another SANS hypothesis that proposes that SANS may be due
to an increased cerebral pulsatility in microgravity that induces
vascular remodelling. In the SPACECOT study, Strangman et al.
used NIRS to study cerebral blood volume pulsatility in head-
down tilt (HDT) bed rest with a hypercapnic environment.*® The
study investigators found an increase in cerebral blood volume
pulsatility that increased during head-down tilt. The authors
propose that sustained pulsatility during spaceflight may cause
a water hammer effect, leading to remodelling of the vascula-
ture and causing persistent SANS findings even after returning
to Earth.*®

Interestingly, elevated homocysteine levels have been associ-
ated with cerebral arterial pulsatility.®® * Some astronauts with
SANS presented with elevated concentrations of homocysteine
(as well as 2-methylcitric acid, cystathionine and methylmalonic
acid) when compared with astronaut controls without SANS.” 4
These findings suggest that astronauts with certain single nucleo-
tide polymorphisms involved with one-carbon metabolism path-
ways may increase the risk of developing SANS. 2’ *0#! Zwart
et al. observed that increased 5-methyltetrahydrofolate-homo
cysteine methyltransferase reductase (MTRR) 66G and serine
hydroxymethyltransferase 1 (SHMT1) 1420C alleles increased
the odds of visual changes during spaceflight. Lower vitamin B,
(pyridoxine) and B, (folate) were also associated with ophthalmic
changes after spaceflight.*! The genetic findings were followed
up with a 30-day HDT bed rest terrestrial analogue study; the
authors found that subjects with increased MTRR 66G and
1420C alleles were associated with increased incidence of SANS
findings.”® These studies support the association of certain
genetic factors in the development of SANS.

Upward brain and optic chiasm displacement

Another hypothesis for SANS revolves around the mechanical
upward shift of the brain and optic chiasm that is associated
with spaceflight. Roberts et al. conducted a study comparing
MRIs of astronaut brains after short-duration and long-duration
spaceflight. This study found an upward displacement of the
brain in all LDSF astronauts (12 of 12) whereas no astronauts
in the short-duration spaceflight group (0 of 6) demonstrated
these findings.** Shinojima et al. theorised that this upward shift
of the brain may play a critical role in SANS.* During upward
brain shift, the optic chiasm is shifted upwards which pulls the
optic nerve posteriorly. The dura of the optic nerve sheath is
connected to periosteum of the orbital bone, which has been
theorised to produce an anterior counterforce on the posterior
globe in a response to this rearward pull on the optic nerve. This
mechanism may produce globe flattening and optic nerve sheath
distension that is observed in SANS.

Uncovering the pathogenesis for SANS continues to be area
of persistent investigation. The underlying pathophysiology of
SANS may be multifactorial that includes some combination
of these hypotheses (table 1). One of the natural limitations to
studying this neuro-ocular phenomenon is the limited sample
size of astronauts. To further understand SANS and its patho-
genesis, there is a need for Earth-based analogues. These terres-
trial analogues will be instrumental in testing countermeasures
to help mitigate SANS for future spaceflight.

TERRESTRIAL ANALOGUES FOR SANS

Earth-based analogues have been instrumental in simulating
microgravity to further understand human physiology during
spaceflight. Several established space analogues include dry
immersion, HDT bed rest (HDTBR), water immersion, unilat-
eral lower limb suspension and parabolic flight.** *

Head-down tilt bed rest

HDTBR studies have emerged as a promising terrestrial
analogue for studying SANS.** *¢ Subjects are tilted down-
wards to mimic the cephalad fluid shift that is experienced
during microgravity. HDTBR have been able to reproduce
various SANS findings, including optic nerve sheath disten-
sion, retinal nerve layer thickening, increase in choroidal
thickness, and optic disc oedema.**° Laurie et al. reported
the first formation of optic disc oedema after a month of
strict HDTBR in a hypercapnic environment.’® The authors
had noticed in previous studies that patients with direct ICP
monitoring (Ommaya reservoirs) had a reduction in ICP after
propping their heads on a pillow.’*! This suggested that stan-
dard pillows and raising the torso to eat during HDTBR may
transiently alleviate the cephalad fluid shift that leads to optic
disc oedema.®® Since SANS astronauts do not naturally have
this fluid shift reduction during LDSF, the authors had subjects
undergo HDTBR without raising their head/torso to eat meals
or using a standard pillow. This led to optic disc oedema of
varying Frisén grades in 5 of 11 subjects (45%) after 30 days. In
addition, multiple subjects had an increase in peripapillary total
retinal thickness; this increase in retinal thickness was found
to be 4-5 times greater than a HDTBR study that used a stan-
dard pillow without a hypercapnic environment.’® In addition
to further understanding SANS pathogenesis, HDTBR has also
been instrumental in testing potential countermeasures which
will be discussed in the next section.
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Table 1 Proposed pathogenesis and contributing factors towards the development of spaceflight associated neuro-ocular syndrome (SANS)
Proposed mechanisms/contributing factors for development of spaceflight associated neuro-ocular syndrome (SANS) Year(s) References
Elevated intracranial pressure and/or compartmentation of the orbital optic nerve sheath from cephalad fluid shifts during microgravity 2011 4

Genetic risk factors/single nucleotide polymorphisms, androgens and vitamin status 2012,2016 404
Cerebral blood volume pulsatility and vasculature remodelling 2017 3

Upward brain and optic chiasm shift and anterior counterforce on the posterior globe 2018 “

Ocular glymphatic system and cerebral spinal fluid compartmentalisation 2018 30

Cytotoxic oedema/local oxidative stress at the optic nerve head from microgravity-induced venous stasis 2020 A

Parabolic flight

While SANS is detected during and after LDSF, transient moments
of weightlessness during parabolic flight provide important
information regarding ICP changes during acute microgravity.
The unique parabolic flight research platform consists of an
aircraft undergoing repeated cycles of an upward acceleration
of 1.8g (ie, hypergravity), followed by approximately 25s of
free fall (ie, microgravity).* ** Lawley et al. conducted a para-
bolic flight study with eight individuals each having an Ommaya
reservoir which allowed for direct ICP measurement. During
acute microgravity, ICP was reduced compared with the terres-
trial supine posture, but not to the levels of sitting 90 degrees
upright on Earth. The authors suggest that since ICP during
acute microgravity is not reduced to the upright levels on Earth,
this may lead to remodelling of the eye over longer periods of
microgravity.’! While there is no exact replica of SANS on Earth,
the use of appropriate terrestrial analogues for SANS becomes
increasingly important as countermeasures are being developed
for future spaceflight.

EMERGING COUNTERMEASURES FOR SANS

SANS’ elevated risk for astronaut health and mission perfor-
mance requires effective countermeasures for planetary and
exploratory missions.” Several promising countermeasures
have emerged and are currently being assessed for future space-
flight’; these mitigation strategies arise from various approaches
including medical device intervention, nutritional supplementa-
tion, artificial gravity, and pre-flight risk assessments.

Lower body negative pressure

Lower body negative pressure (LBNP) has been closely inves-
tigated as a countermeasure for SANS.* ¢ LBNP is a well-
established, non-invasive device that encapsulates the lower
body and provides negative pressure to pull fluid away from the
cephalad region.’” *® This mechanism can help counteract the
cephalad fluid shift from the microgravity environment that is
theorised to contribute to SANS. LBNP has been used during
spaceflight for cardiovascular physiology, thus establishing
itself as a promising countermeasure for SANS.’” Petersen et
al. conducted a terrestrial LBNP study with individuals with

Ommaya reservoirs and observed a decrease in ICP after LBNP
The authors suggested that 20mmHg LBNP was the most
optimal setting as it was effective in reducing pressure but did
not impair perfusion pressure in the brain.”> Regarding SANS
clinical findings, LBNP has been observed to reduce the increase
of optic nerve sheath distension during head-down tilt.** The
nightly use of terrestrial LBNP during a recent supine bed rest
study was documented to mitigate the usual increase in choroidal
volume and area.’® Emerging LBNP research includes mobile,
flexible LBNP gravity suits, providing an efficient and effective
countermeasure for astronauts during future missions.*’ Addi-
tional countermeasures that also seek to attenuate the cephalad
fluid shifts seen during spaceflight include artificial gravity (via
centrifugation)® and venoconstrictive thigh cuffs.®*

Goggles and modulation of cerebro-ocular hemodynamics
The translaminar pressure gradient (TLPG) refers to the differ-
ence between the normally higher intraocular pressure (IOP)
and the comparatively lower optic nerve sheath pressure. Space-
flight has been hypothesised to induce a greater increase in optic
nerve sheath pressure compared with IOP, leading to a negative
TLPG.** ® Mitigating this microgravity-induced negative TLPG
is an area of interest as a countermeasure for SANS. Scott et al.
proposed that swimming goggles may serve as a countermea-
sure for SANS by increasing the IOP and TLPG. The authors
used a head-down tilt research platform and observed that TLPG
increased with the use of goggles.®® The authors concluded that
continued investigation of artificially elevating IOP is needed
to further understand goggles as a countermeasure for SANS.
Research on pressurised goggles as a countermeasure for SANS
is an area of ongoing investigation.®®

Nutrition and identifying genetic risk factors

As discussed in the pathogenesis section, increased MTRR 66G
and SHMT1 1420C alleles were found to be associated with
increased SANS findings. In addition, a combination of these
risk alleles with low vitamin B,, B, and B, status was found to
increase the risk of vision deterioration.*! As a result, B vitamin
supplementation may be a nutrition-based countermeasure for
decreasing the risk of SANS.®® Current metabolic and nutrition

Table 2 Emerging countermeasure strategies for decreasing the risk of spaceflight associated neuro-ocular syndrome (SANS)

Emerging countermeasure strategies for spaceflight

associated neuro-ocular syndrome (SANS) Rationale References
Lower body negative pressure Draw fluid from cephalad region towards the lower body 3460
Goggles (increased intraocular pressure) Increase translaminar pressure gradient that is reduced during spaceflight 656772
B Vitamin supplementation Relatively low B vitamin status in astronauts with ophthalmic changes 0468
Venoconstrictive thigh cuffs Reduce cephalad fluid shift 6263

204168

Identifying genetic risk factors
Avrtificial gravity (centrifugation)

Certain risk alleles are associated with developing SANS
Maintain hydrostatic pressure to prevent cephalad fluid shift

61
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research for SANS includes investigating riboflavin, pyridoxine,
methylcobalamin, and folate supplementation as a countermea-
sure for optic disc oedema during HDTBR.*’

Promising countermeasures are being developed to reduce
the risk of SANS (table 2). In the future, these methods may be
combined to provide a greater mitigation effect for astronauts.

CONCLUSION AND FUTURE DIRECTIONS

Given the potential for visual loss and resulting mission
compromise during LDSF, understanding and mitigating SANS
continues to be an area of intense interest.”’ The optimisation
of terrestrial analogues and countermeasures for SANS will be
critical for astronaut health and mission performance, partic-
ularly in future missions that will expose astronauts to longer
periods of microgravity than what is currently observed. Addi-
tional ophthalmic imaging modalities onboard the International
Space Station (ISS) will likely lead to an increased understanding
of SANS. In 2018, OCT angiography was brought onboard
the ISS.> The results from this and other noninvasive imaging
modality during LDSF may provide a deeper understanding
of choroidal involvement and hemodynamics in SANS. SANS
research is also focused on developing computational mappings
of ocular structure and vision changes to more closely monitor
SANS for future spaceflight.”! Ultimately, the ongoing investiga-
tions in understanding of the pathophysiology behind SANS will
provide stronger support measures for astronauts that embark
on planetary missions in the future.
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