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Purpose: To present a systematic review of the current body of literature surrounding
spaceflight associated neuro-ocular syndrome (SANS) and highlight priorities for future
research.

Methods: Three major biomedical databases were searched with the following terms:
((neuro ocular) OR ((brain) AND (eye))) AND ((spaceflight) OR (astronaut) OR (micro-
gravity)) AND (ENGLISH[Language]). Once duplicates were removed, 283 papers were
left. Articles were excluded if they were not written in English or conference abstracts only.
We avoided including review papers which did not provide any new information; however,
two reviews on the pathophysiology of SANS were included for completeness. No limita-
tions on date of publication were used. All included entries were then summarized for their
contribution to knowledge about SANS.

Results: Four main themes among the publications emerged: papers defining the clinical
entity of SANS, its pathophysiology, technology used to study SANS, and publications on
possible prevention of SANS. The key clinical features of SANS include optic nerve head
elevation, hyperopic shifts, globe flattening, choroidal folds, and increased cerebrospinal
fluid (CSF) volume in optic nerve sheaths. Two main hypotheses are proposed for the
pathophysiology of SANS. The first being elevated intracranial pressure and the second
compartmentalization of CSF to the globe. These hypotheses are not mutually exclusive, and
our understanding of the pathophysiology of SANS is still evolving. The use of optical
coherence tomography (OCT) has greatly furthered our knowledge about SANS, and with
the deployment of OCT to the International Space Station, we now have ability to collect
intraflight data. No effective prevention for SANS has been found, although fortunately, even
with persistent anatomic and physiologic neuro-ocular changes, any functional impact has
been correctable with spectacles.

Conclusion: This is the first systematic review of SANS. Despite the limitations of studying
a syndrome that can only occur in a small, discrete population, we present a thorough
overview of the literature surrounding SANS and several key areas important for future
research are identified.

Keywords: subarachnoid space, cerebrospinal fluid, idiopathic intracranial hypertension,
space flight, optic nerve

Introduction

Spaceflight-associated neuro-ocular syndrome (SANS), previously known as visual
impairment and intracranial pressure (VIIP) syndrome, describes a collection of
ophthalmologic and neurologic findings in astronauts after prolonged spaceflight.
Ocular changes during short-duration spaceflight (<2 weeks) such as hyperopic
shift had been observed by National Aeronautics and Space Administration
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(NASA) for years. Potentially pathologic ocular changes
including optic disc swelling in astronauts on longer mis-
sions aboard the International Space Station (ISS) led to
the descriptive term VIIP, with disc edema creating
a presumptive diagnosis of elevated intracranial pressure
as the cause. A clinical practice guideline (CPG) was
developed for diagnosis of VIIP, and long-duration space-
flight (LDSF) ocular changes were first reported in the
scientific literature in a series of seven US astronauts
who had completed missions on the ISS." There is a vast
amount still unknown about SANS; however, we have
progressed in our understanding over the past decade,
including complete revision of the CPG in recognition of
the unproven role of intracranial pressure (ICP) elevation
in the observed findings. These advances also are reflected
in the increasing number of publications regarding pro-
posed hypotheses for the mechanism of SANS, technology
to assist in studying SANS, and possible terrestrial models
of SANS. This paper presents a systematic review on
SANS, providing a methodical overview of the current
body of knowledge with an emphasis on the ocular
changes and associated CNS findings and highlighting
information gaps.

A valid clinical case definition for SANS has yet to be
accepted. Most literature describes a combination of clin-
ical and radiographic findings to define SANS among
astronauts returned from flight including optic disc
edema, globe flattening, choroidal and retinal folds,
hyperopic refractive error shift and/or focal areas of
ischemic retina.> For the purposes of this comprehensive
review, papers using the term “SANS” or describing
a constellation of neuro-ocular changes among post-flight
astronauts were included. Since the population at risk for
SANS is small and unique, almost all studies are observa-
tional in nature, although several papers compare SANS to
idiopathic intracranial hypertension (IIH) and other terres-
trial pathologies such as radiation associated neuro-ocular
changes. Most papers also focus on understanding the
mechanism behind SANS; few describe technology that
can be used to study SANS, and fewer still report on
therapy, prevention or countermeasures for SANS. In
creating a thorough and critical summary of current litera-
ture on SANS, we aim to guide future directions for
research in SANS.

Methods
Three databases, PubMed, EMBASE and Web of Science,
were searched using the following terms: ((neuro ocular)

283 articles

229 excluded by 2
authors
independently

22 adjudicated by
3rd author

32 articles
included
Figure | Flow diagram of search results for systematic review.

OR ((brain) AND (eye))) AND ((spaceflight) OR (astro-
naut) OR (microgravity)) AND (ENGLISH[Language]).
These databases were chosen as the major reference collec-
tions of biomedical and aeronautical literature. The search
was conducted on 5 August2020, and returned 192 results in
PubMed, 200 results in EMBASE and 82 in Web of
These
(Corporation for Digital Scholarship; Vienna, Virginia,

Science. results were imported to Zotero
USA) citation manager and duplicates were removed, leav-
ing 283 unique papers for review. These articles were then
screened for inclusion by two authors (LIM and PSS), with
the third author (YMP) acting as adjudicator when needed.
Articles were excluded if they were not written in English or
conference abstracts only. We avoided including review
papers which did not provide any new information, however
two reviews on the pathophysiology of SANS were
included for completeness. No limitations on date of pub-
lication were used. All included entries were then summar-
ized for their contribution to knowledge about SANS.
Figure 1 illustrates the flow of results through our systema-
tic review. Four main themes among the publications
emerged during this process; papers defining SANS, those
reporting on the pathophysiology of SANS, those describ-
ing technology to better evaluate SANS, and publications
on possible prevention and/or countermeasures for SANS.
The results of this systematic review are presented using
these subheadings to illustrate where our current body of

knowledge about SANS lies to date.

Results

A summary of all papers included in the systematic review
are shown in Table 1. Four themes emerged in review of
each paper: efforts to define SANS, studies on the patho-
physiology of SANS, technology for studying SANS, and
the prevention and treatment of SANS. We have used
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Table 1 Summary of All Papers Included in Systematic Review

Paper Year | Subjects Main Findings Significance
Linder and Trick? 1987 | 10 healthy volunteers After 2 hours of HDT the average IOP | One of the earliest papers to describe
increased by 26% above baseline and neuroocular changes in HDT
there were significant alterations of
neurophysiological processing in the
retinocortical pathway
Serrador® et al. 2000 | 16 healthy individuals who Subjects were classified as orthostatic | A subset of individuals may be
flew parabolic flights tolerant or intolerant based on predisposed to cerebral hypoperfusion
response to head up tilt. Among the during experience of microgravity
orthostatic intolerant group, parabolic | which may contribute to SANS
flight was associated with cerebral
hypoperfusion
Sannita® et al. 2006 | Review of literature Raises possibility that positive visual Suggests phosphenes may be regarded
surrounding positive visual phenomena experience by astronauts as possible indicators of abnormal
phenomena in spaceflight may be associated with phosphenes due | activation of visual mechanisms during
to the activation of processes by- spaceflight
passing the photoreceptors
Mader* et al. 2013 | | astronaut who underwent 2 | After the first LDSF the astronaut had | Suggests there may be a cumulative
LDSF missions unilateral choroidal folds and a single effect of repeat space travel for ocular
cotton wool spot. During a subsequent | structural changes
6-month mission, the astronaut
developed more widespread choroidal
folds and new onset of optic disc
edema in the same eye.
Arbeille® et al. 2015 | 10 LDSF astronauts Significant increase in cross sectional Suggests cephalad pooling of venous
area of jugular vein and portal vein blood during LDSF
during flight, which returned to baseline
after return to earth
Gerlach® et al. 2017 | 9 healthy adult volunteers HDT resulted in increased optic nerve | Suggests HDT is associated with
sheath diffusivity, optic anisotropy and increased perioptic and optic nerve
axial diffusivity sheath CSF volume and movement
Lawley’ et al. 2017 | 8 volunteers who previously Prolonged periods of simulated Suggests that mechanisms other than
had an Ommaya reservoir microgravity did not cause progressive | raised ICP may contribute to the
placed for treatment of elevations in ICP pathophysiology of SANS
hematological malignancy
Mader® et al. 2017 | | LDSF astronaut case report | Asymmetric structural ocular changes Suggests structural neuroocular

were found inflight and did not resolve
immediately upon return to Earth.
Choroidal thickening resolved by 30
days postflight; ONH swelling persisted
for 180 days, ONH morphologic
changes persisted for 630 days, globe
flattening persisted for 660 days. LP
opening pressure was 22cmH20 on
post flight day 7 and 16cmH20 at | year
post flight.

changes seen after LDSF may have been
related to pressure changes in the
subarachnoid space, and some of these
changes may persist for years

(Continued)
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Table | (Continued).

Paper Year | Subjects Main Findings Significance
Strangman’ et al. 2017 | 6 healthy adult male HDT was associated with increased IOP | Suggests increased cerebral blood
volunteers and cerebral blood volume pulsatility. volume pulsatility as new theory of the
Pulsatility was also more pronounced pathophysiology of SANS
under higher concentrations of ambient
carbon dioxide levels. No change in ICP
by noninvasive measurement was seen
during HDT.
Alperin and Bagci'® | 2018 | 17 astronauts (9 SDSF, 7 Significant pre-to-post-flight increase in | Suggests prolonged increase in orbital
LDSF) globe flattening and optic nerve CSF spaces resulting in posterior
protrusion in LDSF astronauts only. An | compression of the globes can occur
increase in MRICP was observed in 2 even without a large increase in ICP
astronauts with large ocular structure
changes.
Anderson'' et al. 2018 | 17 healthy adult volunteers IOP was affected by posture but not First study to measure IOP in short-
artificial gravity radius centrifuge artificial gravity (a
potential countermeasure to SANS)
Balasubramanian'? | 2018 | 20 healthy adult volunteers IOP and subfoveal choroidal thickness | Lower extremity venoconstriction may
et al. increased in HDT but only subfoveal mitigate HDT-induced changes to
choroidal thickness was reduced by the | subfoveal choroidal thickness but not
use of the thigh cuffs during HDT I0P
Shen?? et al. 2018 | Mouse model which allow for | Sustained ICP elevation caused marked | Provides animal model of sustained ICP
sustained, moderate ICP RCG axonal loss as well as a reduction | elevation which could be used to study
increases in both RGC electrical function and SANS
contrast sensitivity
Shinojima?® et al. 2018 | Computer generated model SANS was related to brain upward shift | Suggests a novel mechanism for the
of optic nerve sheath rather than increased ICP pathophysiology of SANS
Soeken?* et al. 2018 | 20 healthy volunteers and || Among subjects with IIH, the maximum | Supports pupil reactivity as a potential
volunteers with |IH and minimum pupil sizes, and latency clinical sign of SANS
increased in magnitude with HDT. In
healthy subjects, HDT also led to
change in pupil reactivity
Petersen'® et al. 2019 | 10 healthy volunteers Lower body negative pressure of Suggests lower body negative pressure
20mmHg lowered ICP without is a possible countermeasure to raised
changing cerebral perfusion pressure in | ICP
HDT
Petersen'’ et al. 2019 | 8 healthy adult volunteers Lower body negative pressure suits Lower body negative pressure suits
reduced internal jugular vein cross- may provide a countermeasure to
sectional area without affecting body cephalad venous blood volume shifts,
temperature and mobility which in turn may be a countermeasure
to SANS
Roberts'® et al. 2019 | 19 astronauts (7 SDSF, 12 Astronauts who developed SANS had Suggests the ventricular enlargement

LDSF)

smaller changes in total ventricular
volumes compared to those who did

not

associated with SANS may not be
a defining characteristic

(Continued)
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Table | (Continued).

and 20 SDSF astronauts

Paper Year | Subjects Main Findings Significance
Salerni'? et al. 2019 | Mathematical model of fluid The model predicted increased ICP and | Supports theory that altered fluid flow
flow in the eyes and brain, IOP in microgravity. Ocular blood flow | in the brain and eye is involved in the
embedded into a simplified was predicted to decrease in the pathophysiology of SANS and describes
whole-body circulation model | choroid and ciliary body circulations, model which may be used to further
whereas retinal circulation was found our understanding of SANS
to be less susceptible to microgravity-
induced alterations
Scott?! et al. 2019 | 20 health adult male Exercise in HDT was associated with Suggests swimming goggles may be
volunteers decreased |OP and larger translaminar | a countermeasure to SANS by reducing
pressure gradient; wearing swimming the translaminar pressure gradient
goggles in HDT increased IOP and
reduced the translaminar pressure
gradient
van Ombergen'® 2019 | Il LDSF astronauts and |1 Lateral, third and fourth ventricles Evidence of CSF compartment
et al. age/gender/education- increased in volume after spaceflight. enlargement related to LDSF and
matched controls The ventricular volume decreased after | suggests possible role for this in SANS
7 months post mission but did not
return to baseline. Greater lateral
ventricular volume increase was also
correlated with visual acuity loss
Wostyn®® et al. 2019 | Review of select peer- ONH edema in astronauts may at least | Supports the cephalad fluid shift theory
reviewed articles regarding in part result from forcing of perioptic | for the pathophysiology of SANS
the pathophysiology of SANS | CSF into the ONH along perivascular
spaces surrounding the central retinal
vessels, related to long-standing
microgravity fluid shifts and variations
in optic nerve sheath anatomy and
compliance.
Elwy? et al. 2020 | Review of |9 studies 8/11 studies found significant increase Suggests microgravity exposure does
evaluating the role of raised in ICP after HDT, 3 also showed increase |CP, although not clear that is
ICP in SANS associated increase in |OP. Increased LP | cause of SANS
opening pressure after spaceflight was
reported in 5 studies
Laurie?’ et al. 2020 | Il healthy adult volunteers No change in cerebrovascular reactivity | Suggests the mild hypercapnic
and hypercapnic ventilatory response environment during spaceflight is
during strict HDT bed rest in a mildly | unlikely to contribute to SANS
hypercapnic environment
Laurie?® et al. 2020 | Il healthy adult volunteers, Peripapillary total retinal thickness Suggests that different mechanisms may

increased to a greater degree among ||
individuals exposed to 30 days of HDT
bed rest compared to the 20
astronauts, while choroid thickness did
not increase among the individuals
exposed to bed rest but increased

among the astronauts

underlie optic disc edema and choroidal
thickening in modeled vs real
spaceflight

(Continued)
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Table | (Continued).

Paper Year | Subjects Main Findings Significance
Lee” et al. 2020 | I8 healthy adult volunteers Optic nerve sheath diameter increased | Study provides noninvasive model for
0.5 mm in HDT. Optic nerve sheath estimating optic nerve sheath stiffness
stiffness was also estimated indirectly which could be used to further
and was found to be higher in males understand SANS
than females and did not correlated
with age
Macias® et al. 2020 | || LDSF astronauts with ONH and peripapillary choroidal Contributes to knowledge about
mean spaceflight duration of thickness increased from preflight structural ocular changes in spaceflight
170 days values during early spaceflight, with with data collected pre-, during- and
maximal change near the end of the post-flight
mission. The mean postflight axial
length of the eye decreased by
0.08 mm, and this persisted for at least
one year after return to Earth
Mekjavic®' et al. 2020 | 10 healthy male adult Exercise-induced elevation in IOP Suggests the hypercapnic environment
volunteers during HDT head-down tilt was of the ISS may contribute to the ocular
augmented by hypercapnia physiologic changes during spaceflight
Rasmussen®? et al. | 2020 | 5 healthy adult volunteers NIRFLI demonstrated lymphatic Suggests a lymphatic contribution to
drainage through pathways shared by the pathophysiology of SANS
CSF outflow are dependent upon
gravity and are impaired under short-
term HDT
Wihlin®* et al. 2020 | 22 astronauts (both SDSF and | Significant optic nerve head Supports the brain upward shift theory
LDSF) displacement by average of 0.63 mm of SANS pathophysiology
which was positively related to mission
duration, pre-flight body weight, and
clinical manifestations of SANS. There
was also significant postflight upward
displacement of optic chiasm, however
this was not associated with SANS

Abbreviations: IOP, intraocular pressure; SANS, spaceflight associated neuro-ocular syndrome; SDSF, short duration spaceflight; LDSF, long duration spaceflight; VIIP, visual
impairment and intracranial pressure syndrome; ICP, intracranial pressure; MRICP, magnetic resonance imaging-derived ICP; CSF, cerebrospinal fluid; HDT, head down tilt;
LP, lumbar puncture; ONH, optic nerve head; NIRFLI, near-infrared fluorescence lymphatic imaging; RCG, retinal ganglion cell; IIH, idiopathic intracranial hypertension; ISS,

International Space Station.

these themes to present our results, with each paper being
further described under its theme.

Efforts to Define SANS

In 2011, Mader et al' first described the key clinical and
imaging findings in astronauts after LDSF on the ISS.
Seven astronauts had complete eye examinations before
and after their ISS missions, including cycloplegic and/or
manifest refractions and fundus photography. The clinical
findings included optic nerve head elevation and swelling,
hyperopic refractive error, globe flattening, choroidal and/
or retina folds, nerve fiber layer infarcts and increased
cerebrospinal fluid (CSF) volume in optic nerve sheaths.

These findings have been demonstrated using imaging
such as optical coherence tomography (OCT), magnetic
resonance imaging (MRI) and computerized tomography
(CT) after LDSF, and have been shown to persist for more
than two years. Vision changes associated with the hypero-
pic shift have been shown to correct to 20/20 acuity with
refraction, and they also have persisted for years after
LDSF. Mader et al' reported that these hyperopic shift
seemed to be more common in astronauts over the age of
40 years, noting that NASA offers astronauts over the age
of 40 plus-powered lens “Spaceflight Anticipation
Glasses”. In the original cohort of seven astronauts, lum-

bar punctures (LP) were performed in four individuals
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(total n=6, as one individual received three LPs). These
LPs documented opening pressures (OP) of 22 cmH20 at
return +66 days (R+66), 21 cmH20 at R+19, 28 cmH20
at R+12, and 28.5 cmH20 at R+57. In this paper, the
authors used a cutoff of 20 cmH20 as the upper limit of
normal opening pressure. However the revised diagnostic
criteria for ITH from updated guidelines published in 2013
indicates that 25 cmH20O is the better indicator of true
elevated opening pressure documented by a LP with
manometry.*> To minimize false positive values the patient
should be positioned in lateral decubitus with legs
stretched before pressure measurements.’> The technique
used to measure OP in the initial study by Mader et al'
was not documented, somewhat limiting interpretation of
their data. Further, OP as measured by LP is assumed to be
the same CSF pressure found in the ventricles and CSF
cisterns, which may not be true if CSF pressure within the
subarachnoid space does not equalize with lateral ventri-
cular pressures.*®

The constellation of refractive error shifts, globe flat-
tening, increased CSF volume in optic nerve sheaths and
optic disc swelling with borderline elevated ICP, led to the
naming of the condition as the visual impairment and
intracranial pressure (VIIP) syndrome. Approximately six
years after this initial study, the term spaceflight associated
neuro-ocular syndrome (SANS) was adopted in favor of
VIIP syndrome given the uncertainty regarding the patho-
physiology of SANS and unclear role of intracranial
pressure.’** Since the initial study, more data has been
collected pre, intra and post-spaceflight documenting
changes in physiology and anatomy; however, the clinical
syndrome is still generally characterized by the findings
reported initially by Mader et al' in 2011.

In a recent prospective pre- and postflight analysis of
ocular structural parameters, Macias et al’® presented data
from 11 astronauts after LDSF. In addition to changes seen
in the optic nerve and retina, both axial length (AL) and
anterior chamber depth (ACD) were significantly reduced
after LDSF (0.3% and 3.0%, respectively), and these
changes persisted for the one year duration of follow-up
and resulted in a 0.13D hyperopic shift. This refractive
shift is optically significant and although it is usually not
considered clinically significant, it may contribute to
reports of blurred vision, especially at near. It is not yet
clear whether changes in ACD are independent of changes
in AL as data were not presented on an individual subject
level. AL reduction is more likely related to intraocular
from choroidal chronic

changes engorgement with

remodeling and not radiographic globe flattening, as the
observed AL decrease of 0.08 mm would be difficult to
see on MRI. For now, anterior segment signs beyond shifts
in refractive error are less often considered when defining
SANS but may represent an area of future interest.

Early studies with head down tilt (HDT) as a terrestrial
model of simulated microgravity reported an elevation in
intraocular pressure (IOP) 26% above baseline among
healthy volunteers.> The same study also reported signifi-
cant alterations of neurophysiological processing in the
retinocortical pathway as measured by pattern reversal
electroretinograms and pattern reversal visual evoked cor-
tical potentials. However, neither IOP nor neurophysiolo-
gic changes in retinocortical pathways are typically
included in definitions of SANS and their significance in
the pathophysiology of SANS has not been demonstrated
to date. Changes in pupil reactivity has also been docu-
mented among individuals with IIH (a disease with pro-
posed similar pathophysiology to SANS) during HDT,**
however, once again, the importance of this clinic sign for
SANS has not been confirmed.

Finally, it is well documented that astronauts experi-
ence positive visual phenomena such as flashes of light
during spaceflight. It has been suggested that these phos-
phenes may occur from heavy ion stimulation of the retina,
optic nerve or visual cortex, bypassing the usual photo-
receptor activation pathways.”® Although these positive
visual phenomena are not typically included in the defini-
tion of SANS, they may be indicators of abnormal activa-
tion of visual mechanisms during spaceflight and represent
an area for further study.

Pathophysiology of SANS

Two main hypotheses have been proposed for the patho-
physiology of SANS, the first being related to elevated
intracranial pressure, and the second, compartmentaliza-
tion of CSF to the area behind the globe. We discuss these
hypotheses and the studies supporting them separately, but
it should be noted that they are not necessarily mutually
exclusive.

Given the constellation of optic nerve head edema,
flattening of posterior globes and increased CSF volume
of optic nerve sheaths, it is not surprising that one of the
earliest hypotheses for the pathophysiology of SANS
relates to elevated ICP. In this theory, the microgravity
environment leads to increased venous outflow resistance
from the head, causing increased cerebral venous pressure

and decreased CSF resorption. van Ombergen et al'”
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reported dilated lateral, third and fourth ventricle in 11
astronauts after LDSF, with significant improvement 7
months post-spaceflight, although without returning to
previous baseline. The raised ICP is thought to then be
transmitted to the globe via the optic nerve sheaths. Lee

et al®

reported optic nerve sheath diameter increased
0.5mm in HDT. Alperin and Bagci'® found a strong corre-
lation between orbital CSF volume increases and globe
flattening on postflight high-resolution MRI studies in 7
astronauts after LDSF; they did not see similar changes in
a cohort of 9 astronauts exposed to short duration flights.
They also inferred “moderate” ICP elevation of up to 6
mmHg in 2 subjects by indirect MRI-based calculations. '’
Notably, the majority of subjects in both the short- and
long-duration spaceflight cohorts were graded as having
VIIP per the NASA CPG, highlighting the flaws of that
system and its lack of specificity for acute vs. chronic
changes. One limitation of studies behind this raised ICP
theory is that pre-flight data are not included and using
post flight data does not accurately represent ICP during
spaceflight. Previous case reports documenting elevated
opening pressure in post-flight astronauts were performed
only after they were noted to have optic disc swelling.** It
also remains to be demonstrated that any measured
increase in ventricular volume would have a clinically
significant effect and that such a change in volume can
be correlated directly with ophthalmic effects such as optic
disc edema.'®

Arbeille et al® previously documented a significant
increase in cross-sectional area of the jugular and portal
veins during LDSF; these findings normalized on return
to Earth, suggesting cephalad pooling of venous blood as
a contributory mechanism. They also noted that after 150
days of microgravity exposure, choroidal thickness and
TRT increased by 50 pm and 26 pm, respectively. Wostyn
et al* reviewed multiple papers regarding the cephalad
fluid shift and reported that optic nerve head (ONH)
edema may at least in part result from the forcing of
perioptic CSF into the ONH along perivascular spaces.
Gerlach et al® reported that on imaging of the optic nerves
of healthy volunteers who underwent head down tilt
(HDT) for 4.5 hours, fractional anisotropy and axial dif-
fusivity were significantly increased, suggesting
increased CSF volume and movement within the optic
nerve sheath.

Indirect ICP measurements during parabolic flight have
moderate

shown a elevation during periods of

microgravity,® while direct measurements have recorded

that the normal drop in ICP when subjects go from supine
to upright does not occur during this type of simulated
microgravity.” Aside from in vivo measurements,
a mathematical model of fluid flow in the eyes and brain
embedded into a simplified whole-body circulation model
predicted raised ICP and IOP in microgravity.'® This
model predicted decreased ocular blood flow to the chor-
oid and ciliary body whereas retinal circulation was found
to be less susceptible to microgravity induced changes.

Other studies have reported evidence to the contrary of
raised ICP theory. Laurie et al*® reported that the magni-
tude of edema was different for HDT than occurs after
a similar duration of spaceflight, and in their study there
was no change in choroidal thickness post-HDT. Despite
the structural changes among participants on 30 days of
bedrest, they lacked other signs or symptoms of SANS,
further highlighting possible differences between astro-
nauts exposed to weightlessness and bedrest subjects
exposed to strict head-down tilt for similar periods of
time. It has also been noted that the neuro-ocular findings
in SANS occur without the classical symptoms of raised
intracranial pressure such as diplopia, transient visual
obscurations and headaches and can persist for years
after return to Earth.'? Preflight ICP measurements are
not available for astronauts, and postflight LP has been
done only for individuals with optic disc edema. Finally,
the typical intracranial MRI findings of IIH such as empty
sella turcica and transverse sinus stenosis have not been
observed widely in SANS.

Another proposed hypothesis for SANS is the compart-
mentalization of CSF to the globe and optic nerve, in which
a one-way valve mechanism traps pressurized CSF within
the optic nerve and sheath without requiring elevated intra-
cranial pressure. Several mechanisms have been described to
support this hypothesis. The first mechanism is based on
reported MRI findings consistent with upward shift of the
brain pulling the optic nerve and globe.”* Shinojima et al*®
proposed that when cephalad fluid shifts occurred, compen-
satory decompression mechanisms such as optic nerve
sheath expansion may become overwhelmed and CSF may
be forced into the optic nerve through perivascular spaces

1** also

surrounding the central retinal artery. Wahlin et a
provided support for this theory, finding significant optic
nerve head displacement (average 0.63 mm) and upward
displacement of the optic chiasm among 22 astronauts
after both long and short duration spaceflight. The optic
nerve head displacement was positively related to length of

mission duration. Another mechanism is a fairly new
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concept of glymphatic flow imbalance. The glymphatic sys-
tem allows the exchange of CSF with the interstitial fluid.
Rasmussen et al*> used near infrared fluorescent lymphatic
imaging (NIRFLI) under HDT, sitting, and supine positions
and found that lymphatic drainage through pathways shared
by CSF outflow are dependent upon gravity and are
impaired under short-term HDT. Previous animal models
have also shown that microgravity reduces myogenic vaso-
constriction and stiffness of cerebral vessels, which could
underlie some of the altered fluid exchange dynamics.** The
potential role of these pathways in the long-term develop-
ment of SANS, in particular the role of compensatory auto-
regulatory changes over time, remains to be demonstrated.
Other hypotheses have been proposed regarding the
unique environment experienced by astronauts. Christian
et al*' studied insufficient sleep and mild hypercapnia in
healthy volunteers (both sleep deprivation and elevated
ambient carbon dioxide (CO,) are experienced by astronauts
aboard the ISS). They found these environmental changes
predisposed a subset of individuals to the development of
total retinal thickening, similar to one finding of SANS.
Visible optic disc edema also was reported in 5 of the 11
subjects of the same cohort when fundus photographs were
obtained.”® Another study found that IOP and cerebral blood
volume pulsatility increased during HDT and this was more
pronounced under higher ambient concentrations of carbon
dioxide.” Interestingly, the authors reported no change was
seen in noninvasive measurement of ICP under the same
study conditions.” The effect of carbon dioxide on augment-
ing the increase in IOP during HDT was also reported in
a second study by Mekjavic et al’' however as mentioned
above the role of elevated IOP in the pathophysiology of
SANS is unclear. The precise roles of either sleep changes
and/or CO, levels in the development of SANS-like retinal
and optic disc changes cannot be determined from these
data. Thus, there is no firm or exact pathophysiology of
SANS presented in the literature. As our technology

Table 2 OCT2 Scanning Protocol, Adapted from Lee et al.

evolves, and our ability to collect more intra-flight data
increases, it is hoped that our understanding of the under-
lying cause of SANS will also expand.

Technology for Studying SANS

Astronauts undergo extensive pre- and post-flight neuro-
ocular testing, although immediate post-flight testing has
been limited by the need, until recently, for return from
orbit to the Russian landing base in Kazakhstan. Several
papers have reported on technology that could be utilized
for in-flight testing to better understand SANS. OCT has
been available on the International Space Station since 2013
and has become the mainstay of detection and early mon-
itoring of SANS.? OCT technology has evolved dramatically
over the past decade, and an upgraded Heidelberg Spectralis
(Heidelberg Engineering; Franklin, Massachusetts, USA)
“OCT2” is now deployed on the ISS. OCT?2 allows for faster
imaging and enhanced image quality and is capable of multi-
color imaging (MCI), which is reported as equivalent to
fundoscopy to detect signs of SANS.? The scanning protocol
for the OCT?2 on the ISS is shown in Table 2, adapted from
Lee et al.” Based on data from terrestrial studies of optic
neuropathies as well as IIH, evaluation of changes in the
peripapillary retinal nerve fiber layer thickness may reveal
the earliest sign of SANS, while loss of macular ganglion
complex thickness may herald visual damage.

A study by Masterova et al*?

evaluated portable auto-
refractors to measure inflight refractive error and axial
length among astronauts. They found the SVOne (Smart
Vision Labs; New York, New York, USA) device was easy
to use, could obtain measurements quickly and had excel-
lent intersession reproducibility. Another study by Lerner
et al'® reported on ultrasound guided LP technique with
remote guidance for possible inflight performance of LP.
The found the technique was successful 9 of 11 times and
could be performed in both the fetal and seated lordotic

positions. Significant barriers to performing LP inflight

Scan Resolution Fixation Size Sections Protocol ART Placement

Circle (RNFL) High Nasal 12° | Normal 100 Over disc

Radial High Nasal 20° 12 Normal 16 Over disc

Macula High Foveal 20x20° 25 Normal 16 Over fovea

Line High Foveal 30° | EDI 100 Tilt line through center of fovea and disc
Vertical High Foveal 20x10° 13 Normal 16 PMB beneath edge of disc and fovea
Disc High Nasal 20x20° 25 Normal 16 Over disc

Abbreviations: OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; PMB, papillomacular bundle.
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remain, including concerns about poor sterility aboard the
ISS as well as uncertainty as to the ability to measure CSF
pressure via standard manometry. In flight ophthalmic
ultrasound already is in use on the ISS, and attempts to
improve data collected by ultrasound are underway.
A study of 11 healthy volunteers suggested 3-dimensional
and dynamic measurements could be obtained successfully
in HDT,* potentially allowing quantitative noninvasive
measures of ICP such as optic nerve sheath diameter.

Aside from technology that could be used inflight,
there are various reports of novel approaches to increase
our understanding of SANS. Salerni et al'’ reported
a mathematical model of fluid flow in the eyes and brain
which predicted increased ICP and IOP in microgravity, as
well as decreased ocular blood flow in the choroid and
ciliary body. As noted above, the lymphatic system has
been proposed to play a role in contributing to SANS, and
Rasmussen et al*? described a technique that could be used
to further our understanding of this. The authors reported
subdermal indocyanine green (ICG) injections with near
infrared fluorescent lymphatic imaging to visualize deep
lymphatic outflow shared by CSF and in a small group of
healthy human volunteers showed its disruption dur-
ing HDT.

Two studies reported on animal models for investigat-
ing SANS. Fleischman et al'* published a model of CSF
flow in porcine animals using intravenous contrast and
rapid sequential CT images with head down tilting to
illustrate the role of gravitational forces on CSF. Shen

et al??

adapted a murine model of inducible ICP elevation
and maintained raised ICP for 2 weeks. The authors used
their model of sustained raised ICP to show a loss of
retinal ganglion cell (RGC) axons and increased hypoxia-
inducible factor (HIF)-1 alpha expression in the RGC.
Further development of these models would be required
to determine how closely SANS might be recapitulated
and studied in the absence of a true microgravity

environment.

Prevention and Treatment of SANS

Publications reporting on the prevention of SANS include
modifications that could be made on an individual astronaut
level as well as to the spaceflight environment. Three studies
have examined lower limb thigh cuffs or negative pressure
suits to counteract fluid shifts and in turn lower ICP without
compromising cerebral perfusion pressure.'>'®!7 Petersen
et al'®'” found that a lower body negative pressure (LBNP)
suit applying 20 mmHg could be used feasibly by astronauts

and resulted in a significant increase in cerebral perfusion
pressure while in HDT. Artificial gravity has been shown to
provide a countermeasure to the cardiovascular effects of
spaceflight; however, in a study by Anderson et al'' two
models of artificial gravity with short-radius centrifugation
did not show any significant impact on intraocular pressure
despite expected changes in cardiovascular parameters. The
study did not measure intracranial pressure and further work
is pending to expand upon the initial results. Scott et al’'
evaluated commercially-available swimming goggles and
the effect of exercise during HDT. They found that goggle
wear could modestly increase IOP by 1.9 mmHg and coun-
teract elevated ICP by reducing the predicted translaminar
pressure gradient in HDT and LDSF. More studies are needed
to understand the required duration and intensity of this
countermeasure to SANS; however, given its simplicity and
low-cost strategy, it warrants further investigation.

Two papers reported on spacecraft environmental fac-
tors that could be modified to help prevent SANS.
Astronauts in spaceflight are also exposed to higher CO,
and radiation levels than on Earth; these environmental
factors are under investigation for their role in SANS and
targeting of SANS
countermeasures.” Indeed, the work of Laurie et al®®

may hold a role in future
showed that optic disc edema developed only with the
combination of HDT and elevated ambient carbon dioxide
levels. However, as noted above, the same researchers
found no changes in arterial CO, pressures and could not
definitively demonstrate a pathogenic role for elevated
CO, levels.?” Nonetheless, in response to concerns about
the role of CO, in SANS, NASA has reduced ambient CO,
levels on the ISS.

No studies were found directly evaluating treatment for
SANS. In general, studies describing the constellation of
signs of SANS report that 20/20 vision can be obtained
with refractive correction. The structural changes seen on
brain imaging of post-flight astronauts do not have clear
functional significance.” Thus, it seems for now that treat-
ment is aimed at managing complications as they arise. In
terms of preventative therapies, we would advocate for
using the lowest impact methodology possible and speci-
fically avoiding pharmaceutical prophylaxis, given the
complex drug interactions and side effects that may
occur with other microgravity-associated physiologic
changes. As our understanding of the pathophysiology of
SANS and the clinical significance of the structural neuro-
ocular changes increases, it is hoped that potential thera-
pies and targets for prevention will grow.
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Discussion

Initially called visual impairment and intracranial pressure
(VIIP) syndrome, the constellation of neuro-ocular find-
ings such as optic nerve head elevation, hyperopic shifts,
globe flattening, choroidal folds, and increased CSF
volume in optic nerve sheaths, was later renamed SANS
given the uncertainty regarding the pathophysiology and
unclear role of intracranial pressure. There is no case
definition for SANS, although most studies use the neuro-
ocular findings described in the early papers on SANS.
A collaborative agreement on a formal definition would
benefit the literature. Two major hypotheses exist for
SANS: elevated intracranial pressure and compartmentali-
zation of CSF to the globe and optic nerve. These are not
mutually exclusive, and more pre-, intra-, and post-
spaceflight data are needed to fully understand the patho-
physiology of SANS. Advances in technology will be key
in these efforts to understand SANS. Improvements in
OCT technology and the ability to collect OCT data in
space already has contributed immensely; determination of
ICP directly or indirectly during LDSF
a challenge to be met and represents a critical need with

remains

respect to understanding SANS pathophysiology and
designing interventions. Countermeasures for SANS such
as negative pressure lower body suits, artificial gravity and
spacecraft environmental modifications have been studied,
but none has proven effective, this is an area with signifi-
cant need for further study, although antecedent to that will
be increasing our understanding of the mechanism of
SANS.

Both a strength and limitation of this paper is that most
of the literature is recent. Despite the benefit of knowing
that many works are current, it highlights that our under-
standing of SANS is still in its infancy. One limitation in
studying SANS is that only approximately 12 astronauts
per year are launched, meaning that most studies are small
and observational. With so few astronauts being exposed
to spaceflight, and with a rigorous astronaut selection
process, there is limited ability for controlled studies and
inherent bias in the study population. Further, even if
studies are controlled, they are difficult to mask due to
study size and operational concerns about accessing astro-
naut data. Likewise, data published in the literature often
may be limited in details due to concerns that astronauts
may be identified. There are also intellectual property and
national security concerns that limit publication of some

details. Further, the current landing site for astronauts on

return to Earth in Kazakhstan is geographically isolated;
being far from medical research facilities where pre-flight
data was collected limits immediate post-flight data collec-
tion. The recent successful SpaceX launch may herald
better access to returning astronauts. Finally, due to the
difficulty in collecting and publishing original research on
SANS, many papers are speculative, expert opinions rather
than presentations of original data. Human exposure to
LDSF has occurred only in the recent past, and the long-
term consequences of SANS-related changes must be stu-
died carefully to guide our response and management of
this potentially blinding condition. Furthermore, because
of small numbers in both actual LDSF-exposed astronauts
and subjects participating in ground-based analog studies,
there remains a critical need to develop robust quantitative
indicators of SANS onset and severity so that correlation
with putative biomarkers can be established.

Conclusion

In this systematic review, we analyze reported data on the
ophthalmic and intracranial changes that have been used
both to define and to detect development of SANS.
A recently published systematic review focused on the
potential role of ICP in SANS and concluded that ICP
likely plays a causative role but that further studies are
needed in valid simulation environments to gather more
reliable and robust data.’® The current body of literature
regarding the definition and pathophysiology of SANS is
presented, as well as a summary of technology used to
study SANS and potential countermeasures/treatment for
SANS. Despite the limitations of studying a syndrome that
can only occur in a small, discrete population, we present
a thorough overview of the literature surrounding SANS,
and several key areas important for future research are
identified.

Abbreviations
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