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IMPORTANCE During long-duration spaceflights, nearly all astronauts exhibit some change in
ocular structure within the spectrum of spaceflight-associated neuro-ocular syndrome.

OBJECTIVE To quantitatively determine in a prospective study whether changes in ocular

structures hypothesized to be associated with the development of spaceflight-associated
neuro-ocular syndrome occur during 6-month missions on board the International Space

Station (ISS).

DESIGN, SETTING, AND PARTICIPANTS The Ocular Health ISS Study of astronauts is a
longitudinal prospective cohort study that uses objective quantitative imaging modalities.
The present cohort study investigated the ocular structure of 11 astronauts before, during,
and after a 6-month mission on board the ISS.

MAIN OUTCOMES AND MEASURES Changes in ocular structure (peripapillary edema, axial
length, anterior chamber depth, and refraction) hypothesized to be associated with the
development of spaceflight-associated neuro-ocular syndrome during 6-month missions on
board the ISS were assessed. Statistical analyses were conducted from August 2018 to
January 2019.

RESULTS Before launch, the 11 astronauts were a mean (SD) age of 45 (5) years, a mean (SD)
height of 1.76 (0.05) m, and a mean (SD) weight of 75.3 (7.1) kg. Six astronauts did not have
prior spaceflight experience, 3 had completed short-duration missions on board the Space
Shuttle, and 2 had previous long-duration spaceflight missions on board the ISS. Their mean
(SD) duration on board the ISS in the present study was 170 (19) days. Optic nerve head rim
tissue and peripapillary choroidal thickness increased from preflight values during early
spaceflight, with maximal change typically near the end of the mission (mean change in optic
nerve head rim tissue thickness on flight day 150: 35.7 pm; 95% Cl, 28.5-42.9 pm; P < .001;
mean choroidal thickness change on flight day 150: 43 pm; 95% Cl, 35-46 pum; P < .001). The
mean postflight axial length of the eye decreased by 0.08 mm (95% Cl, 0.10-0.07 mm;

P < .001) compared with preflight measures, and this change persisted through the last
examination (1year after spaceflight: 0.05 mm; 95% Cl, 0.07-0.03 mm; P < .001).

CONCLUSIONS AND RELEVANCE This study found that spaceflight-associated peripapillary
optic disc edema and choroid thickening were observed bilaterally and occurred in both
sexes. In addition, this study documented substantial peripapillary choroid thickening during
spaceflight, which has never been reported in a prospective study cohort population and
which may be a contributing factor in spaceflight-associated neuro-ocular syndrome. Data
collection on spaceflight missions longer than 6 months will help determine whether the
duration of the mission is associated with exacerbating these observed changes in ocular
structure or visual function.

Author Affiliations: Author
affiliations are listed at the end of this
article.

Corresponding Author: Brandon R.

Macias, PhD, KBR, 2400 NASA Pkwy,
JAMA Ophthalmol. 2020;138(5):553-559. doi:10.1001/jamaophthalmol.2020.0673 Houston, TX 77058 (brandon.r.
Published online April 2, 2020. macias@nasa.gov).

553

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by Piergiorgio Gigliotti on 06/09/2020


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamaophthalmol.2020.0673?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2020.0673
https://jamanetwork.com/journals/oph/fullarticle/10.1001/jamaophthalmol.2020.0673/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2020.0673
mailto:brandon.r.macias@nasa.gov
mailto:brandon.r.macias@nasa.gov

554

Research Original Investigation

paceflight-associated neuro-ocular syndrome (SANS), as

described by the National Aeronautics and Space Ad-

ministration (NASA), develops in astronauts during long-
duration missions (>1 month of spaceflight). It is character-
ized by changes in visual acuity (due to hyperopic shifts) and
eye structure (eg, optic disc edema, choroidal folds, and globe
flattening). In 2011, Mader and coworkers! reported a case se-
ries of the initial SANS findings in 7 cases involving astro-
nauts. Overall, clinically relevant optic disc edema, the defin-
ing characteristic of SANS, has been diagnosed in 16% to 19%
of astronauts who have been examined using ophthalmo-
scopicimaging during and after long-duration spaceflight.? In
addition to being an intriguing pathophysiological phenom-
enon, SANS is a high-level concern for the aerospace medi-
cine community because the length of missions is expected
to increase substantially in the future.

Aretrospective analysis of Lifetime Surveillance of Astro-
naut Health data collected from astronauts before and after
long-duration (4-6 months) missions to the International Space
Station (ISS) showed that global total retinal thickness at the
optic nerve head increased by 8.5% (from 362 pm before space-
flight to 393 pm after spaceflight).® In this same data set, peri-
papillary choroid thickness was 2.8% greater (before space-
flight, 253 um; after spaceflight, 260 pum) after long-duration
spaceflight compared with before spaceflight. A few pub-
lished case studies have provided clues to the etiology and de-
velopment of SANS, and anecdotal reports have suggested that
only a subset of crewmembers develop optic disc edema, in-
cludingindications that it occurs only in male astronauts. How-
ever, there is no reliable method to predict which crewmem-
bers will develop disc edema, nor are there sufficient data to
determine the appropriate countermeasures to prevent or treat
the syndrome. To date, there has been only 1 case report de-
scribing the time course of certain ocular changes during space-
flight and characterizing the postflight course on the return to
normal gravity.* Thus, additional data are crucial to deter-
mine the cause of these changes and to develop appropriate
countermeasures. In an effort to explain SANS findings and de-
fine the risk to mission success and long-term astronaut health,
NASA’s Human Research Program, Space Medicine Opera-
tions, and the Biomedical Research and Environmental Sci-
ences Division established the Ocular Health Study. The pur-
pose of the present report is to quantitate ocular structural
changes, including peripapillary retinal thickness, that de-
velop in association with long-duration spaceflight and to docu-
ment how long these changes persist after landing.

Methods

Eleven astronauts who spent a mean (SD) duration of 170 (19)
days on board the ISS participated in this study, including as-
tronauts from NASA, the European Space Agency, and the
Japan Aerospace Exploration Agency. Before launch, astro-
nauts were a mean (SD) age of 45 (5) years, a mean (SD) height
0f'1.76 (0.05) m, and a mean (SD) weight of 75.3 (7.1) kg. After
returning to earth, astronauts weighed a mean (SD) of 74.8 (7.5)
kg. Although 2 of the crewmembers participating in a 1-year
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Key Points

Question What ocular structure changes in astronauts are
associated with long-duration spaceflight (6 months), and do the
changes persist 1year after returning to Earth?

Findings This cohort study of 11 astronauts found that
long-duration spaceflight was associated with optic disc edema
and peripapillary choroidal thickening during spaceflight, with
reduced axial length and anterior chamber depth after spaceflight,
and with a hyperopic shift observed 1year after returning to Earth.

Meaning This study prospectively expands on previously
reported retrospective findings that peripapillary optic disc edema
and choroid thickening may not be specifically associated with
particular individuals but may present bilaterally, may occur in
both sexes, and may be associated with persistent abnormalities
1year after returning to Earth.

mission were participants in the present study, only data for
the 11ISS astronauts who completed a 6-month mission are re-
ported here because the duration of the mission may be asso-
ciated with the recovery profile after spaceflight, which is an
integral objective to assess in the present investigation. Of the
11 crewmembers described here, 6 did not have prior space-
flight experience, 3 had completed short-duration missions on
board the Space Shuttle, and 2 had previous long-duration
spaceflight missions on board the ISS. This study was ap-
proved by the NASA Johnson Space Center Institutional Re-
view and Human Research Multilateral Review Boards. Par-
ticipants provided informed written consent that was obtained
consistent with the Declaration of Helsinki, and research par-
ticipants did not receive compensation or other incentives to
participate in the study.

Posterior segment images of both eyes were acquired using
optical coherence tomography (OCT) (Spectralis; Heidelberg
Engineering) from all crewmembers before, during, and after
spaceflight. A high-resolution OCT radial scan pattern (20°, set
of 12 B-scans, and 16 automatic real-time tracking levels) and
a circle pattern (12°, 100 automatic real-time tracking levels)
centered over the optic nerve head were acquired 21 to 3
months before spaceflight in the NASA Flight Medical Clinic.
These baseline scans were transmitted to the ISS, which has
the same OCT model system, to ensure appropriate align-
ment for follow-up examinations. Ophthalmoscopic images
were acquired before and after spaceflight (Canon CR-2 Plus
AF) and during spaceflight (OIS EyeScan; Ophthalmic Imaging
Systems). Inflight data were acquired within a 10-day win-
dow of flight days 10, 30, 60, 90, 120, and 150. Postflight test-
ing occurred within a 7-day window after returning to Earth,
a10-day window of the 30th and 90th day after returning, and
a 30-day window of the 180th and 365th day after returning.
These testing windows were selected to enable scheduling flex-
ibility with NASA research and NASA operations while main-
taining an organized study design. The mean (SD) ambient car-
bon dioxide level on board the ISS was estimated to be 2.8
(0.2) mm Hg (based on similar methods as reported by Law and
coworkers®).

The OCT image segmentation of the Bruch membrane and
the inner limiting membrane were manually corrected for any
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errors in automatic segmentation. For each radial B-scan, the
Bruch membrane opening (BMO) was marked and used to com-
pute the minimum rim width (MRW) as the minimum dis-
tance from the BMO to the inner limiting membrane. Subse-
quently, a best-fit ellipse to the BMO was used as a reference
to compute the total retinal thickness (TRT) from annular ec-
centricities corresponding to regions of the BMO to 250 um,
250 to 500 um, 500 to 1000 pm, and 1000 to 1500 ym
(Figure1) by usinga TRT map interpolated from the radial scan
segmentation. For circular scans, after compensating for the
peripapillary B-scan image contrast, the junction between the
choroid and sclera was manually defined and used to calcu-
late choroid thickness.

Complete eye examinations were conducted by a NASA
Flight Medicine Clinic optometrist (C.R.G.) before and after ISS
missions, including cycloplegic refraction, optical biometry,
and OCT (MedB1.10).° Axial length and anterior chamber depth
(ACD) were measured before and after spaceflight using opti-
cal biometry (IOLMaster 500; Zeiss). All participants passed
NASA Flight Medicine Clinic’s ocular examinations and were
cleared to participate in their assigned mission, and none of
the participants had a history of systemic disease (eg, hyper-
tension, connective tissue disorders, iron deficiency, diabe-
tes, or renal disease) or had ever used any medication that could
produce elevated intracranial pressure (ICP) (eg, vitamin A, tet-
racycline, corticosteroids, or nalidixic acid).

We evaluated the effects associated with spaceflight (ie,
before vs after each flight) in separate mixed-effects statisti-
cal models per dependent variable, with a priori simple inter-
action terms comparing each postflight observation to each
preflight observation, adjusting for astronauts’ prior weight-
lessness exposure (flight days exposed) as a continuously scaled
covariate. Astronauts’ closest preflight (within 1 year) data were
used for these analyses and compared with postflight data.
Given our nesting of right and left eye observations within each
astronaut and repeated observations over time, each model in-
cluded random y-intercepts to accommodate the nesting of re-
peated measures within each astronaut for eye (left, right) and
for time, with degrees of freedom calculated per our repeated-
measures design. Each statistical test underwent a rigorous ex-
amination of the distribution of model residuals prior to hy-
pothesis testing, and observations that were found to be overly
influential outliers were eliminated from the analysis if the
standardized residual was higher than 2 or lower than -2. For
visualization, all individual data points are included in graphs,
including those excluded from mixed-model calculations for
95% CIs. A 2-sided P < .05 was considered statistically signifi-
cant. Statistical analyses were conducted from August 2018 to
January 2019 using SAS software, version 9.4 (SAS Institute
Inc).

. |
Results

Structural alterations to the retina at the optic nerve head as-
sociated with spaceflight were observed in all but 1 crewmem-
ber in this cohort. The MRW, a measure of optic nerve head rim
tissue thickness, increased from before spaceflight to flight day
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Figure 1. Optic Nerve Head Minimum Rim Width and Total Retinal
Thickness Quantification
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Analyzed regions of interest are depicted as indicated by the colored annuli.
BMO represents Bruch membrane opening.

10 by 4% (mean, 12.5 pm; 95% CI, 4.8-20.2 yum; P < .01) and
increased from before spaceflight to flight day 150 by 10%
(mean, 35.7 pm; 95% CI, 28.5-42.9 um; P < .001) (Figure 2A).
The MRW was also greater than before spaceflight 7 days af-
ter return to Earth (mean, 20.9 pm; 95% CI, 14.0-27.8 pm;
P < .001) and 30 days after return to Earth (mean, 10.3 pm; 95%
CI, 3.1-17.4 ym; P < .01) (Figure 2A), but was similar to pre-
flight values by the 90th day.

Similarly, the global TRT annulus at the optic nerve head
(BMO to 250 pum) was greater than before spaceflight from flight
day 10 (mean, 11.9 pm; 95% CI, 6.6-17.3 um; P < .001) through
flight day 150 (mean, 27.6 pm; 95% CI, 22.7-32.6 pm; P < .001)
(Figure 2B). In addition, the global TRT annulus 250 to 500 pm
from the optic nerve head was increased on flight day 10 (mean,
4.7 um; 95% CI, 1.8-7.7 um; P < .01) and remained greater than
preflight levels through flight day 150 (mean, 12.9 pm; 95% CI,
10.0-15.7 um; P < .001; eTable 1 in the Supplement). The TRT
annuli from BMO to 250 pm and from 250 to 500 um followed
a similar recovery profile as the MRW; by 90 days after return
to Earth, the values were not different from those before space-
flight. At greater distances from the optic nerve head, global TRT
also increased on flight day 90 (annulus from 500 to 1000 pm;
P < .05)and flight day 150 (annuli from 500 to 1000 pm and from
1000 to 1500 pum; P < .05) compared with before spaceflight
(eTable1in the Supplement). However, this magnitude of change
was less than the test-retest reliability for this measure. Simi-
lar TRT patterns of change associated with spaceflight were iden-
tified when divided by quadrant (eTable 2 in the Supplement).
Fundus images of those astronauts with fundus grade optic disc
edema are provided in the eFigure in the Supplement. Longer-
duration missions appeared to be associated with optic disc
edema propagating radially.
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Figure 2. Change in Minimum Rim Width (MRW) and Total Retinal Thickness (TRT)
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Peripapillary choroidal thickness increased as early as flight
day 7 (mean, 24 pm; 95% CI, 15-33 pm; P < .001) (Figure 3) com-
pared with measures before launch and progressively thick-
ened during the duration of the mission. On flight day 150, cho-
roid thickness was increased by 18% (mean, 43 um; 95% CI,
35-46 pm; P < .001) compared with before spaceflight and re-
mained increased 7 days after return to Earth (mean, 20 pm;

556 JAMA Ophthalmology May 2020 Volume 138, Number 5

95% CI, 13-28 um; P < .001) and 30 days after return to Earth
(mean, 38 pm; 95% CI, 30-46 pum; P < .01). Peripapillary cho-
roidal thickness values were not different from those before
spaceflight 90 days after return.

At the first postflight examination (return to Earth plus 7
days), axial length was decreased by 0.3% (mean, -0.08 mm;
95% CI, —0.10 to —0.07 mm; P < .001) (Figure 4A), and ACD was
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Figure 4. Change in Axial Length and Anterior Chamber Depth (ACD) Compared With Before Spaceflight
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decreased by 3.0% (mean, —-0.09 mm; 95% CI, -0.12 to -0.06
mm; P < .001) (Figure 4B). Both axial length (mean, -0.05 mm;
95% CI, -0.07 to -0.03 mm; P < .001) and ACD (mean, -0.10
mm; 95% CI, -0.13 to —0.06 mm; P < .001) remained lower than
preflight values for up to 1 year after returning to Earth. These
structural changes were associated with a hyperopic shift. On
the return to Earth plus 7 days, the measured shift in spheri-
cal equivalent was 0.13 diopters (95% CI, 0.03-0.23 diopters;
P < .05) compared with before spaceflight (eTable 3 in the
Supplement). This scientifically meaningful change in refrac-
tion associated with spaceflight persisted through the exami-
nation 6 months following the return to Earth (Figure 5).

|
Discussion

The primary finding of this study was that spaceflight was as-
sociated with peripapillary neural, retinal, and choroid tissue
thickening in both eyes during early spaceflight that per-
sisted throughout the mission. In addition, contrary to early
anecdotal reports, we observed that peripapillary neural, reti-
nal, and choroid tissue thickening occurred in a female astro-
naut. In the present cohort, peripapillary total retinal thick-
ening expanded radially during the course of the mission as
evidenced by increased thickness at the outer annuli late in
spaceflight. Previous reports, limited to preflight and post-
flight measures only, have shown that, within a week of re-
turning to Earth, a TRT annulus from BMO to 250 pm is el-
evated by 31 pum relative to before spaceflight.® The present
study found that between 30 and 90 days were required for
the peripapillary retinal and choroid tissue thickening to re-
turn to values similar to those observed before flight.

One of the weaknesses of the current definition of SANS
is that it has been primarily based on a subjective assessment
using ophthalmoscopicimaging. This technique lacks the sen-
sitivity to detect early ocular structural changes that might help
explain the etiology of SANS and guide the development of

jamaophthalmology.com

countermeasures. Furthermore, this technique underesti-
mates the number of astronauts affected by SANS with rel-
evant TRT thickening. The present quantitative OCT-based
measures of retinal thickness revealed early stages of optic disc
edema and allowed for objective quantification of these struc-
tural changes compared with 2-dimensional color ophthal-
moscopic images (Figure 1, Figure 2). For example, 2 partici-
pantsin this cohort had mild disc edema documented by retinal
photographs during spaceflight (eFigure in the Supplement).
One of these participants presented with mild optic disc edema
in the right eye on flight day 150 that was not present before
spaceflight. This optic disc edema assessed by ophthalmo-
scopic imaging persisted until the last postflight data collec-
tion 356 days after return to Earth. The other participant had
mild optic disc edema in the right eye that persisted for the du-
ration of the mission and resolved 2 days after return to Earth.
In contrast to ophthalmoscopic imaging, quantitative OCT-
based measures of recovery suggest that approximately 45 to
90 days are required in the gravitational environment on Earth
for the retinal thickness to return to preflight levels. Patients
typically present with pathology without baseline imaging data
prior to the development of disease. These unique data gath-
ered in the present study from a healthy, normal population
may provide important quantitative data to compare with the
development and recovery among patients without baseline
data toyield an understanding of the early structural changes
of optic disc edema.

Current technology and data analysis methods do not per-
mit determination of the factors that contribute to the devel-
opment or recovery of TRT and choroidal thickness changes.
However, the altered ocular morphology observed in associa-
tion with spaceflight may be attributable to the chronic
headward fluid shift that occurs immediately on entering
weightlessness and remains throughout the duration of
weightlessness.”® Removal of the gravitational fluid pres-
sure gradient in weightlessness causes a cephalad fluid shift
and may be associated with these ocular structural changes.®
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Figure 5. Change in Cycloplegic Refraction (Spherical Equivalent)
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Direct measures of ICP collected during brief weightlessness
in parabolic flight suggest that ICPis at a level slightly less than
that in a supine posture on Earth (16 vs 13 mm Hg), yet it is
higher compared with that observed in a seated or standing
posture.” However, given the brevity of the weightlessness ex-
posure in that experimental condition, caution must be used
in extrapolating the results to the chronic weightlessness state.
Currently, there are no direct measures of ICP during long-
duration spaceflight; thus, data on ICP are lacking. Chronic but
mild elevation in retrobulbar cerebrospinal fluid pressure, en-
gorgement of the choroidal vasculature, or both may be asso-
ciated with deformed tissues at the optic nerve head, as mod-
eled recently.'®!! Moreover, the optic nerve head and optic
nerve are densely vascularized tissues, and microvascula-
ture hemodynamics may be altered when cerebrospinal fluid
or tissue fluid are chronically elevated, limiting axoplasmic flow
and resulting in neuronal swelling of retinal nerve fibers. In
addition, if the headward fluid shift is associated with a chronic
elevation in arterial or venous pressure in the vasculature at
the optic nerve head, increased local capillary filtration may
be associated with edema formation or direct compression of
neural tissue by the vasculature that may impede axoplasmic
flow.2 Although retinal and retrolaminar capillary endothe-
lia contain tight junctions that create the retinal-blood bar-
rier, the capillary endothelium in the prelaminar region of the
optic nerve head lacks endothelial membrane proteins asso-
ciated with the blood-brain barrier.'® Thus, the lack of a retinal-
blood barrier in this region of the optic nerve head may be as-
sociated with a greater extravasation of fluid due to the
headward fluid shift in weightlessness and may be a contrib-
uting factor to the retinal thickening quantified at this loca-
tion. Therefore, this increased capillary filtration may be as-
sociated with tissue edema, limiting the oxygen diffusion
distance affecting cell metabolism and reducing axoplasmic
flow.
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A previous case report noted choroid thickening during
spaceflight; however, the measurement obtained approxi-
mately 1 week after spaceflight was not a significant
increase.>* In the present report, increases in peripapillary
choroid thickness were detected early during spaceflight,
persisted throughout the mission, and required 45 to 90
days after returning to Earth to recover to preflight levels.
Recent advancements in OCT technology may have enabled
the detection of the deeper retinal choroid tissue structure
not clearly visualized in the previous study.® It has been
hypothesized that the cephalad fluid shifts during weight-
lessness may cause decreased choroidal drainage and a rela-
tively stagnant pooling of blood in the choroid leading to
choroidal expansion.! The slower recovery of choroid thick-
ness in astronauts after spaceflight compared with the rela-
tively rapid increase observed early during spaceflight
(launch day to flight day 10) may suggest that chronic vas-
cular congestion and expansion in this region may extend
the delicate choroidal collagen lamella beyond its normal
anatomic structural boundaries, resulting in localized cho-
roidal remodeling associated with spaceflight or a yet-to-be-
described fluid drainage pathway impairment.

In addition to changes of the optic nerve head, reduc-
tions in axial length were present after the mission and likely
are associated with the observed hyperopic shift. By con-
trast, the reduction in ACD associated with spaceflight may
have altered the optical path. This may explain why the
hyperopic shift, as measured with cycloplegic refraction,
was less than what would be generally predicted when based
on the axial length change alone. It must also be determined
whether this decrease in axial length poses any additional
risk to that of developing acute angle-closure glaucoma dur-
ing spaceflight. It is unlikely that standard ultrasonography
would enable reliable detection of the presumed decrease in
axial length during spaceflight of -0.08 mm owing to cur-
rent ultrasonographic imaging resolution limitations. Optical
biometry measures during spaceflight would help document
the temporal profile of these changes in axial length and
ACD.

Limitations

The primary limitations of this study include the limited num-
bers of participants. In addition, optical biometry and refrac-
tion measures were not conducted during spaceflight.

. |
Conclusions

Although past publications have served an important pur-
pose to inform the community and as the impetus for a new
line of ophthalmology spaceflight research, the present work
provides a comprehensive temporal profile of ocular struc-
tural change associated with long-duration spaceflight, both
during and after the mission. This report documents that peri-
papillary optic disc edema and choroid thickening occurred in
both the right and left eyes and in both sexes. In addition, we
built on previous work to show for the first time that space-
flight was associated with axial length and ACD shortening.
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Finally, this report documents the postflight recovery of as-
tronauts from optic disc edema and ocular structural changes
that remained after spaceflight. Future work is required to de-
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